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FOREWORD

This report was prepared by Lockheed Missiles and Space Company under NASA
-Céntrﬁét:NASW-2553. The period of pérfofméncerf tﬁé reseﬁrch reported was
September'1973 throﬁgh April 1974. Technical direction for this contract
6rig1nat¢d from The Director, Physics and Astronomy (Code S5G), NASA'Headw

quarters, H. D. Calahan, Contract Monitor.

The cpptract waslmanaged by Robert Wéias;f&uidande and Control Systems
ofganizétioﬁ of the IMSC Space Systems Diyision. Chief investigator and
.fprincipal contributor to the repoft was A, D. Anderson, Atmospheric Physics
* Branch, Rgdiation Physics Laboratory, of the LMSC Research/ngeiopment'

Division.

This‘Finaerepoft, IMSC Report PL2093h {Guidance end Control'Systems report
GCS/35H8/6211) documents and summerizes the results of the entire contrﬁéi
'uofk, including conclﬁsionﬁ and‘recommendationh based'upon‘the resulta
_ obtaihed. If incorporates the mgterial preéented in the two Quarterly Progresé
Reporta previously submitted- |
QPR No, 1 msc/n3e-uheo, Gcs/3lrrs/6211 73 Dec 12

. QPR No. 2 msc/n387326, Gcs/3529/6211,.74 Mar 12
Thia.ﬂngl'report is divided into three parts. Part I, Definition of the Prc.nblem‘,
contuins a.detdiled description érrthe prnblem and - of the Solar and Geophysical
‘Indices-used iﬁ'fhe.investig;tion. Part II, Aﬁaiyéis, preseﬁts an ;naljsis;bf
five Btraﬁdapheric uarmiﬁg daées; Part III presents an hypothesia concerning the

relationship between auroral electrojets and atratoapheric warmings.

_The authors wish to thank Drs. John Evans and Robert Varney of the LMSC Atmospheric

~Phyaics Branch for their helpful suggeations and guidance dnring the study.



SUMMARY

The primary obJectives of the study are to establish the deieils of
the stratospheric warming processes as to time, ares, and 1nten51ty and
to. try to correlate the warmings with other terrestrisl and eolar phenomeha
occurring at satellite platform altitudes or observable from satellite plat-
‘;forms. The main purpose of the study is to find if there are links between
‘the ﬁerturbed upper atmosphere (mesosphere and thermosphere) and the strato-

sphere that could explain stratospheric warminge.

Stratospheric warmings are large-ares phenomena containing great amounts
of energy. They probably have major influence on the weather over large
areas, on observgtions from satellites and highfaltitude platforms, on the
dynamics of the upper and lower atmOSpheres{ on atmospheric chemistry, on air
pollution obServatioﬁs and on backgrounds for surveillance and earth resourcee
observations. Little correlative data has been brought to bear‘on defining
the relationehip between energetic events above 50 km and the warmings at
about 40 km. " Current rocket and balloon—borne IR sounding 1nstruments do
not rrovide good coverage on a global basis. It is difficult to provide
dyngmic readings throughout ) warming by meane of ground based 1netrumenta-'
'tion ' Satellite and other high altitude data, therefore, need to be applied

-to the -problem,

_rAlthough-meteorological analyses indicate that the warmings result from

the transfer of energy from the troposphere to the stratosphere, the



inifiating or'rrigger mechanism is uﬁknown. In orher words, no one has
attempted to predict etratoépheric wvarmings. The emphesis of this effort

is to attempt to find clues to possible trigger mechanisms arising in the
upper atmosgphere or solar activity. Several steps are involved: (a) Deter-
mine frqm the literature poesible correlations of warmings with geophysical
events; (b) Find solar and geophysical indices that represent the pertinment
events; (C);Define the stratospheric warminé events (start, maximum, end)
80 that these indices may be applied to uncover the trigger mechanism(s);
Existing aata and literature have been searched to find the identified cases
of‘straxospheric warminge. Case‘histories er_these events have been chosen
by assthling correlative high altitude satellite, rocket and ground based
measurements, geophysical characterlstlcs and solar actiV1ty data,. Ex1sting
’ data from NIMBUS spacecraft sensors such as the MRIR, SIRS, IRIS and SCR -
were used to define the existence and characteristics of the warming in the
20 50 km-altitude regime, Data. from various particle and radiation experi~
mepte on satellites were used to determine some of the energetic conditions

eiistingiin the upper atmogphere prior to and during the warming erents.

The study of six di_frerént stratospheric varmings has indicated‘that ﬁhe |

‘magnetic indices Aj; AE and D*t exhibit a marked 1ncrease 1 to 3 days
preceding the onset of-a warming at 10 (30 km), and a marked decrease on .

~ the day of onset and 4 days preceding It 1s proposed that electrbjet |

. heating forms a "eritical level" in the ﬁppef meeosphere, and that pianetery'

‘ ﬁaves propagating up from the“troﬁosﬁhere interact with‘the eritical level,
releasing heat st that 1evel. Whves reflected by'the critical level release
heat 1n the stratoaphere by 1nterference with upwerd-proPagating waves seen
as & warming | ' - .
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The study 1s divided.intb three parts. VIn Part I, stratospheric warm-
.A-i;éénéiégﬁééaiibéa; the corfelatiqn ﬁfoblem”isfdefingq, end the various
-geophysical indices selected for the analysis are discusséd. In addition, a
bibliography on stratospheric varmings in included. In Part II, case his-
ﬁories for recent stratospheric warmings are given, The day-to~day detalled
' énalyses of the uarmings and geoPhysiéal indices'are.describEd. Conclusioné-
are presented concerning the correlation between the geoPhysical indices and
‘the onget of atratospheric wvarmings. Part III presents a brief hypoﬁheais
concernlng the relationship between auroral electrqjets_and stratospheric:

" warmings.
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1. STRATOSPHERIC WARMINGS

A dynamic event in the stratoSpheric ciréulation théh is princi-
pally characterized by a temperature increase in higher lstitudes immediately
‘above the stratonull level greatef'fhan 5000 over g period of ten days

or less, accompanied by a disruption of the usual westerly zonal c¢lrcum-

. polar flow of the stratospheric winter ¢irculation, 1s called a Strato-
Bpheric Warming.

St&tions centered under the warming region as it sweeps poleward
provide a very dramatic record of the-magnitude of events which must be
Arrih brogfess'in tﬁe upper atmosphere, Teﬁjerature increases of frqm 30¢°
to‘900°'ovér & periéd of a week are the rule, and'stratbspheric wind
changes of the order.of 100 meters/sec out of the vest to 50 metérs/sec

from the east are common (Webb, 1966}.

- Figure 1 contains a séquehce of rocket soun&ings frdm WestGeﬁﬂniéﬁ,éefmamy,
takent during a major warming in the winter of 1967-68 (La,bitzke 1971) Profile 1
indicates the beginning phase of the varming with the maximum warmlng at
60 ¥m (2411C) In Profile 2, the maximum warming has descended to 46 km and
increased to +181L1 Profile 3 {21 Dec. 1967) the maximum warming is at
43 km and the temperature is +40%C. Profile 4 iépfesents a gecreasing
ﬁhase; thé maxcdmmum varming éﬁ kb4 ¥m has decreased to -b°C. _Profile'ﬁ_is én'l 
' -éxerage atmbépherié temperature profile from Groves (i970). Comparison
‘of Profile 5 with the other profiles indicates that the warmingfaffected

a depth of atmosphere of approximately 34 km.



Stratéspheric warmings are large-ares phéhomena containing large
amounté of energy. Théy probably hawe maJor iﬁfiueﬁce on the'weather
over large areas, on observations from satellites and high-altitude plat-

, forms, on the dynamics of the upper and lower atmospheres,*on atmospheric

chemigtry, on air pollution observations and on backgrounds for surveillance

and earth resources observations,

Little correlative dats has been brought to bear on defining the
relationship between energetic:events above 50 km and tﬁé warmings at
about 40 km. Current rocket and balloon-borne IR-sounding instruments -
do not provide good coverage on a global basis. It 1is difficult to pro-
r_vide dynamic resdings throughout a warming by means of ground based“

' instrumentation. Satellite and dther high‘aﬁtiﬁude‘data,therefore, need

to be applied to the problem.

Although stratospheric warmings have been studied extehsively since
their recognition in 1952, their characteristics aie not weil kncwn or ‘ '
esteblished, They occur'mostly in winter and early spring seasons &ﬁd
shOW'lafgest temperatufe'changes in the norfhern and southern high-latitude
fegions. They gtart at 50 km or above and later sometimes‘appear a£jl0ﬁef

'iévéls, penetrating to 25-35 km, The ehergy.dénsity of direéf éolaf |
radiation on an element of atmosphere is sméller by maﬁy orders of magni<'
tude than that required to explaiﬁ the atmgspherié temperature rise during 7
@ ﬁarming. Integration of this energy over time and area would be requifed

-to explain = warming in terms of direct heatiﬁg. Therheat input intoc g
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sguare cm column of the stratosphere between 30 and 50 km altitude needed
to raise the temperature 50 °k amounts to gome 5 x 109 ergs cm 2. Reported
'wérmings may cover 10 1 cm so the total energy involved can be in excess
of 1024 ergs. This energy might be éompared with 5 x 1023 ergs reported
in the sbiar storm of 11 February 1958 in the red arc aurora, ﬁnd a com-
puted.total solar particle energy of J.O25 érgs in sucﬁ 8 storm. Muench (1965)-
cdnsidered the energy tranSfOTMations during the stratospheric warming of
22—é4;January 1958, His analysis indicated that the energy increase Wa,s
caused,almost'entirely‘by g transfer of energy from the troposphere to

‘the stratosphere. A report by Hirota (1967) on an observed upward propa-

| gation of stratospheric warming events supports this conclusion. Matsuno

(1971) freated the interaction of verticall& pfopagating planetary waves
from the troposphere with the zonal flow in the stratosphere. His'mc;\del.
 produces mﬁﬁy oysérved featﬁres.présent in strﬁtospheric warmings."
Trenheffh (1972) used a model of this type to study étratospheric warm-
ings.  His modél reproduced reaiistic étratospheric warmings in late
ﬁinter.‘ Although Trénbérth neglécted the chémistry, Clark (19?0) had '
previously used a similar model (with somewhat fever spherlcal harmonics
and coarser vertical resolutlon) which did include the simple Chapman
scheme of qugen,photochgmistry, Clark was able to reproduce numerically
tﬁé obgerved tendency for tﬁe large-scale motion field to shift.the maxi -
mum of vertically‘integrated ozone poleward from the low-altitudé soufcé
region. In such a model, the chemistry interacts with the dynamlcs via _ .
rthe heaiing rate Q, which will depend not only on 1nfrared radiatlon and

a parameterization of small-scale convectlon in the troposphere, but also':

the ahsorption of radiatlon by the variable‘amount of ozone.
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A survey of recorded major and minor stratospheric warmings shows
that in January of every year between 1966 and 1971 at. least one event
occurred in the Northern Hemisphere between 45° and 80° latitude. These

same years produced events in the Southern Hemisphere in July and August.

Ly



2. THE PROBLEM OF DEFINING A GIVEN STRATOSPHERIC WARMING EVENT

‘A given stratospheric warming (8W) can be defined provided that the
date and time of its start, maximum and end can be determined from the
temperature at all altitudes that it affects. One major problem with char--
acterization of SWs occurring in the past is that they occur at altitudes
between about 20-65 km (Fig. 1). Until recently, the higher altitudes
were only accessible to measurement with meteorological rockets. There are
several disadvantages for defining warmings with rocket data. Although
~ there are currently more than 20 meteorological rocket launch sites, these.
are mainly 1and-based in the Northern Hémisphere. .Hencé, the covérége is
.uneven. Algo, the launches are made closer to a weekly thén &aiiy baéis;.
”Hoﬁevér, even if daily laﬁnchings were made, this would be'insuffipient'to
chargcterize warminés, inagmuech as the warming centers probabiy would_not

~ lie over the rocket launch sites. In addition, the warming centers move.

. The coverage and‘lapnch frequency of radiosondes carried by béliooﬁs
is much better. There are at léast 20 times as many radiosonde launch .
sites than rdckeﬁ-sites The coverage is best in the Northern Hemlsphere
over lahd; the coverage 1s much poorer 1in the Southern Hemisphere because
of the greater emount of water area. Also, the launch frequency {(one o
ijoqr times daily) 1ig much greater than rockets, The main disadvanﬁage isg
. that onJ;y the lower altitudes at wh:;..‘ch SWs occurare accessible to the
 balloons (celling altitude about 30 km). The 10-mb surface (3L km) is the
hlghest pressure altitude for which hemispheric charts, derived mainly from‘

radiosonde data, are avallable from the National Weather Serv1ce70n a daily
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basié for the Northern Hemisphere warmings oceurring during December 1969 -
January 1970, December 1970 - January 1971, and January 1973 - February
1973

The real hope for the future lies in satellite remote senging tech-
niqﬁes that scan worldwide twice daily. Onerexample is the NIMBUS SIRS
inst?ﬁment data from which temperature profiles can be derived for ther
altitudes of iﬁterest on a worldwide basisz. At pfesent,‘there are some
proble.ms.in obtalning data at the higher altitudes sbove 50 km. Therefore,
-'  at this time, the analysis of a éiven SW must be Based on radlosonde,rocket-
sonde, and satellitel(radiancé) da£a. The smallest time infervﬁl tﬁaf can
be used in characterization is about one day. It is not possibie to SPeéify
‘warming start maximum, or end at & given altitude in a time 1nterval less
than about one day The. definition must be 1ncomplete for the warmings
considered in this report because little‘data“is avgilable at the higher
alﬁitﬁdes above 40-50 km. The radiance measurements made by the SCR on
Nimbus 4 provide radiation informstion from the highest levels in the -
atmosphere 80 far obtained Degeriptions of the instrument can be found
in the literature (Houghton and Smith, 1970) and the method used by the
Oxford Unlverslty Group to derive temperature profiles from the six radlances
‘u31ng a maximum probabllity technigue has been descrlbed by Rodgers (1970)
»A series of daily charts for levels up to 1 mb (48 km) were construeted

:to cover the major northern hemiephere warming period in the middle of

February 1972
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3. POSSIBLE CORRELATION OF WARQHNGS WITH GEOPHYSICAL EVENTS

Stratospheric warmings favor the winter and early spring seasons,
they exhibit the greatest change of temperature 1n the polar reglons.
They start at 50 km or ebove and later sometimes appear at lower levels.
In some cases, the warmings do not'pehetrateudownwasd as Tar as 30 km.
. . s :
These very high level relatively limited stratospheric warmings may rspre-
sent the effects.of comparatively limited penetration of the atmosphere
by solar corpﬁsculer emanations of 6nly light to modefate intensity,

which should be expected to oceur not infrequently.

rThe major warmings of February 1952 and.January71963, which case
well after‘the years of highest sunspet activity,both followed‘sudden
bursts of strong geomegnetic disturbance with a moderate 1ncrease'eflsen-
spots, ehd'in 1952 with a stropg auroral display. The geomegneticallyi
quiet years of 1953-1955 and 1964.-1966 were aﬁparently'stfikingly'lackisgi.
in stratospheric warmings. The fact that of the sixteen years, 1951 to 1966
1nc1usive, the only six years lacklng stratogpheric warmings were also
the six geqmagnetically most qulet years would seem significant. With the
'e;ception of one weak ﬁarming at the beginning of March 1956, ai; 14
ﬁarmiﬁgs, plus the two occurring in February 1952, origihEted during the
ﬁosths of Jasuary and February, when Northern Hemispheric'eurorai ectiﬁity
is very high;rrising to a presumed early March peak frequency which:may
be‘even‘earlier in arctic latitudes. It is to be nsted that none‘df themn
oceurred - during December the month of the Presumed winter solstice minlmum‘:
of auroral frequency, and deflnitely the coldest -month in the arctice strato-

sphere, During the period 1951-1966, all of the observed sudden



stratospheric warmings developed on the northern geomagnetic pole side of
the. geographic pole, i.e., essentially in the equatorwerd dip or trough

of the zone of maximmm suroral frequency.

The cofrelat16n of the time and space distribution of auroral activity
with sudden changes of stratospheric temperature indicate a possible
extraiérrestrial control, perheps solar corpusculear 1nvﬁaions of the upper
'gtmoaphere.which prbduce auroras and strong geomagnetic disturbances. If
Zsolar corpuséuiar invasions afe to‘éause and control the entire syndrome
qf assoclated auforél, and thermal phenomena, then they should possess the

_ folléwing properties and characteristics:

l)r.The energy cﬁntained in'one.cf the stroﬁgeat-corpuscular invasions
mﬁst e adequaxe,_ét whatever level of éfficiency its conversioh into ther-
mal energy takes plece, effectively to trigger the change of the temperature of the
entire polar stratoaphere in a relatively short time and in the virtual dbsence '
of sunlight from normal midwinter to normal midsumer cqnditions, such as
E 6ccur;ed_in the massive stratospheric.warmingé of January 1963. Léss intepée
solar events (corpuscuiar invasions) will be restricted in their s;gnificant

_ thermsl effects to sbove the 50 km level.

‘ 2) There must exist some falrly effecﬁive-means of downward trana-
. mileion in the upper atmosphere of the direct thermal and magnétoatroPhic“
wind effects of 5trong solar corpuacular penetration of the higher atmo-

'sphere %o at least the 50-km level.

g



3) Strong soiar corpuscular penetration of the upper atmosphere
‘should be fsvored, elther as to frequencyiof occurrence or level ofrloueat '
penetretion in the atmosphere, or both, on the geomagnetic pole side of
the'hemiephere in the general region where the zone of meximum'auroral

frequency extends to 1ts lowest geogrsphical latitude.

4} The initial burst phase of a massive warning of the middle or
upper stratosphere should be roughly comparable in areal extent to that
of a major suroral display (strong solar corpuscular penetration of the

upper atmosphere).

Baelcally, it is the first two of the required characteristics of

- solar corpuscular invaSions a8 noted ebove that are essential to their :
opere.tion as a tri geger - . of sudden massive etratoepheric warmings.
Thej must bring a large part of the necesgary energy with'fhem, and this
energy "muat- be transmitted effectively downward 'from the level of itsr'direct_
N absorption in the higher atmosphere (~ TO -100 km) to the middle or lower

stratosphere

The'forms of corpnecular radianion_which merin attention for preeent
purposes are: | o
1) Electrons, in the energy range 1-100 keV {and also in the range un
.to 1000 keV} which precipitate over the auroral zone.
. 2) protong, 1n the energy range 1-1000 MeV originating in solar o
flares, and precipiteting over +the geomagnetlc polar Cap.. Included in thi?.
latter group may be g proportion of a-particlee, and p0551bly heayier

: e’l.ements.
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Protons in the energy range 1;100 keV normally.do not penetrate below

" 100 km, and hence aie not considered as main phenomenon. Al these phenomens
tend to occur within the higher geomagnetic latitudes bounded by about

B msgnetic latitude 'u59, and mainly arcund 65—70°; but during major disturbances

of the'earth's_magnetic field, extending a few degrees nearer the eqguator.

The depth of penetration of elsctrons into the atmosphere can be
“eraluateu from known characteristics of energy loss, and ty adoption of-
& model atmosphere. For example, a 10 keV electron mey penetrate toa
_ minimum altitude of 98 km, while a 400 keV electron will reach 64 km.
There remains the question as to the fraction of tctal energy which is
'available for hegting the atmosphere. Chamberlain has estimated 8 fraction
of about lﬁﬁnas appearing as*heat.. Dalgarno estimates the fraction as'about.

,20%‘ but does not exclude & velue of 50%. The heat 1nput from electrons in

- auroral latitudes and at altitudes of 90-120 km is thus of the order of

1 erg cm -2 se l for solar maximum and for zonal and long tenm average flux
After maJor solar fLares, the corresponding zonal average is probably at

least one order of magnitude greater for periods of a few daye

In contrast to the zonal character of auroral electron prec1p1tation,
:the incidence of solar protons is distributed over the polar caps. Incom-“
3ing protons are assumed to move in Stormer traJectories, and the magnetic
rigidity necessary to permit entry at a glven angle to the Vertical and
-at & given latitude may be calculated prov1ded the spatial character of

the earth's field is known As a rough guide, the precipitation of_solar

L0



‘protdns may be considered as bounded by the aurorael zones, but in msjor
.. events, marked effects occur as low ag 500 geomagﬁetic 1atitude;
o . ) : i

The lowest observed ionization from solar protons has been found at
42 k¥m in the southern polar region during winter darkness. Loss of energy
from an incident proton is continucus along the trajectory, but is essgen-
tially cdncentrated over the last few kilqmeters of path. Reid haslcalcu-
1ated:fhat a 50 MéV proton will lose 90% of its energy between altitudes
of 50.aﬁd 42 km, 50% between 4,5 and 42 km, and 104 between 42,1 and 42.0 km.
Hence, in g p&fticular golar proton event, the inerement of‘energy }eleased
in a"g'iverifaj'.tifudé-rahgé depends upon the spectrum of the flux and the
'ggomagpetic latitude.. An upper boundary of sbout 100 km is typical for
.most events, with release of energy down to a probable lower iimit of 30 km

‘in the largest events.

The main effects‘of'particle precipitation are those ﬁhich haﬁe been
luséd exteﬁéively to determihe the morphology of the pfecipitatidn zoﬁes,.
.Viﬁ., opﬁical excltation and electrﬁn-ion.pair.pfqduction. The effects of
'.in%ereStrafe thg heating produceq diréctly by the particle flux, and the
possiﬁilifieé‘of indirect effeﬁts. Among the latter my be inclﬁded the
'modification of minor constitutuent concentrations, and the 1nit1atlon
‘cx atmospheric wave motlon. The conversion of the kinetlc energy of inci-
dent particles into heat has been discussed by Bates and Chamberlaln and

the values of conversion‘efflclency,used are between 0.15 and 0.5.
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The major temperature increases are naturally associated with the
'1oréest fluxcc of electrons in aurorae. 'Electrong in the energy range of
1-10 keV affect the altitude range 150-100 km, and here the increases in
temperature during more intense Fluxes occur at rates up to 100K ‘min~".
,IP general, due tc the many factors which enter into a quantitetive dis-
cnssion of temperctures of the highcr gtmosphere, and,aiso cue to the

‘difficulties of obgervation of this matter, the effects on the mesosphpre

of particle heating are not well known.

iThc possibility that particie'inflnx,might produce changes in con-
centrations of minor atmmspheric constltuents, and that the return to
equilibrlum of these concentrations might be on a longer time scale than
the durgtion of intense fluxes, has been consldered by a few workers. The
dissociation of. molecular oxygen by auroral electron and proton lmpact has
: been inVEstigated by Maeds, in relation to the warming of the polar meso-
sphcre. He founq electrons wlth a differential spectral distribution
of the form E ', or & little .'over 1078 cu® gec at 80-85 km altitude.
Protons,.dictributéd;according to ajdifferenti&l-spectrum of E’E‘B, gave
similar"results, 'tho ugh  larger values thag electrons be].ow 80 k. This
‘_rate coefficient is nearly the sanme as that due to ultrav1olet dissoclatlon L
of 02 in the Schumann-Runge continuum (1400-17504), and the height of . ma.xi |
: mum dlssoclatlon is nearly thc same, viz., 90 lm.  Thus, the process of~-

"dibsociation by particles may be 51gn1flcant during large fluxes, esPec1ally*

1n polar winter darkness.
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The generationlof traveling atmospheric waveg ié one conseguence of
pafticle ﬁrecipitatidﬁ,Wpresumﬂbl& due to a combination of spatial and
temporal éhanges, ineluding pulsations, in the_incident flux, with corres-
ponding changes in local hé&ting. King refers to the evidence for these
waves, which in some modes of propagation proceed from the auroral zones
towards_mid-latitudes with velocitles ranging betwéen 400 and TOO m sec™t,
‘Other workers have considered the heating aspect of these waves. Thus,

" these disturbances, though clearly associated with the suroral zone initially,
may be included in the general subject of atmospheric wave motion, and the

heating induced thereby. Especiﬂllj importent is the Joule hqaxing_asgoc;atgd
with the auroral electrojets diascussed later.
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4. SOLAR AND GEOPHYSICAL INDICES

There is a'wealthlof operational data on solar and geophysical indices.
The main problem is determining which data are pertinent for correlation
anaiysis involving thé upper atmosphere andlthe-warmings; In view of the
faetlthat no direct correlations oave boeo found between stratwarmings

and the upper atmosphero phenomens represented by the indices, the selection

- of the indices to be used must‘be made on the basis of a possible connectilon
and not a probable one, In otherlwords, we are dealing with a strictly
exploratory situation 1nasmuch as no connection may exist between strat-_

- warmings and higher atmosphere phenomena Although meteorologlcal research
_ to date indicates that stratospheric warmings are caused by a transfer of
‘energy from the troposphere to the stratosphere (Matsuno, 1971), neverthe-

- less the possibility has not been completely ruled out that such events are

triggered or-enhanced by certain conditions occurring in the-upper atmo-

sphere above 80 km.

The solar and geophysicai'indices used are listed in Table_l; in-hoose
_values are indicated by & X mark for the months contalning warmings; ‘These
particular indices were seiectod oo a preiiminary basgis becauserthey all
appear to be correiated with upper-atmosphefic heating phenomena Aii

" of the indices except the HelI flux snd D, ere available from the Environmental

t .
Data Service, NDAA National Geophy51cal and Solar-Terrestrial Data Center,
._ Boulder, Colo , in the monthly publication "Solar-Geophysical Data Each -

index in Table I will now be dlscussed in turn.
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Solar Flares

© The pover emifted by the sun 1s ~ 4 x 1033 ergs sec-l, of which

~ 5 x lO24 ergs sec_l, or 5 miilion horsepower per sq mile, irradiates thg
aﬁmosphere of the earth, Tonizing x-rays and ultraviolet radiatibn,

which constitute only ~ 1073 percent of the solar flux (~5x 10™ ergs
'sec_l) are absorbed in.the outer stmosphere to producé the ionosphere. A
contsiderably greater amount of energy, ~ 1020 ergs sec'l, arrives at the
mdgnetosphere in the form of solar-wind plasmas, even under solar-quiet con-
lditions. When the sun is‘intensely active, the energy delivered in ionizing
radiatiops, both elgctromagnetic and corpuscular, can increase by orders |
of magnitude. No comparable -energy supplies are évailable eisewheré.in the-

sun-earth: system.

A great flaré on the sun can release ~ 1032 ergs in x-ray ultraviolet
ahd energetic-particle radistion., Every link in the system from sun £b
éarth reacts td such a catastrophic event. After 1nteracting with the inter-
planetary medium, the magnetosphere, andrthe upper atmosphere, the last
régidue of energy from the sun's exploéivé gift to earth ié é faint red
airglOW thaﬁ suffuses all the sky from north pole to south pole., Althoﬁgh
‘ fﬁe,glow is composed dnly of the single, characteristic emission line of
‘éxygen ﬁt.6306A, fbllowing a.éreat flare the full sky,méy.radiaté 1023 erés |

,Sf thisg monochromatic energy.
A flare is a short-lived sudden increase in the intensity of radia-

tion emitted in the neighborhood of sunspots. It is best seen in Ho,

and usually occurs in the chromosphere. Flares are characterized by a
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rise time 6f‘the order of minutes and a decay time of the order of tens,qf
"minntee, The total energy expended in a typical flare iz about lOBO-ergs;
the magnetlc field is extraordinarily high, reaching values of lO2 to lOllr
'gauss. Optical flaresare usually accompanied by radio and x-ray bursts, or
. flares, and occaslonally by high-energy particle emissions. The.optical

- brightness and size of the flare are indicated by a two-character code
called the importance. The first charecter,‘a number from 1 to 4, indieates
the apparent area. For aress of less than 1, an "s" ie dsedrto degignate

a subflare. The seeond character indlcates relative brightness; b for

‘bright, n for ‘normal, and f for faint. The most recent general discussion

of solar flares is found in Smith and Smith ( 1963)

Eydrogenéa eolar flare data are collected by numerous selar‘patrol

- statlons over the globe. The February 1970 Solar-Geephysical.Data
- Deseriptive Text lists 53”etations. Data from these stations are found

in the Solar-Gecphysical Data bulletin and in the IAU Quarterly Bulletin

. on Solar Activity,

fThe Solar-Gedphysicel-Data‘buiietin containe two listings of-selar_
flare reports -- those publishei the nonth following the flare oecurrenCe
and‘those nﬁbliehEdFS monthe after occurrence, The former list includes -
~all reported flares of importance gre&ter than one, giving the observatory,
the date, the start time, the. maximum and end times, the solar latitude and
longitude, the McMath plage region, the duration in minutes, the 1mportance,
_the observation condition and type, the area, and the maximum width of the

Hu intensity. A l—month listing of subflares is also prov1ded 1nd1cat1ng
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date, time, and location. A full discussion of these parameters is found

in the Bolar-Geophysical Data Desecriptive Text which appears in February

of' each year.

- The listing published in Solar-Geophysical Data 6 months after occurrence

consists of those Tlare reports filtered according to a program used at the
Observatoire de Paris, 92 Meudon, France, to produce the IAU Quarter;z

Bulletin on Solar Activity flare listing. The format of the &-month list-

ing is the same as that of the l-month flare listing described abng. The
grouped flare data appearing in the 6-month listing are also available
‘from WDC-A, Boulder an punched cards and magnetic tape for the perlod 1955

to the present

As the number and refinement of obgervations 1ncreases, 1t becomes
1mpressively clear that there is no single, simple flare model but rather a
large spectrum of flare events which we can only crudely characterize by |
our éonvenfional categqries-of class i, 2, 3, faint, normal, and bright; or

by proton,'hard,x-ray, soft x-ray, whiﬁe-light, and uv-continuum emissions,

non n

or by "fast burst", "gradual rise," "fluctuating," and other phenomenological
features. Many long-held and presumably firmly established conéepts of
_1onospheri¢ behavior have become open to question as a result of improved

cbservational powers both in space and on the ground,

It ﬁse& to be that 1onos§heric-distufbanée phenoména were‘studied’as '
8 meénsrof estimating‘SOIAr-flare X-ray and uv fluxes; Bu£ flares have now
_.becbme diagnostié probes for ionospheric processés becauée the flaré spectrﬁm
isidirectly measurable from space and the geronomic Cross secfions for ion

production processes are becoming known with conslderable accuracy.
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' Dgily Flare Index

| The significént'influeﬁce of solar flares on terrestrial disturbances
of varioué kinds suggests that a dally flare index, gimilar to déily sunspot
number or £o the geomagnetic activity index, would be.Widely useful. Some
studies may require construction of a spéciél déily megsure, tailored to
_fit the needs of the particular snalyesis, but'# general expression of flare
sctivity mey suffice for a number of other studies.

The index published currently at the High Aititude Observatory correg-

ponds cloaely'to the:iﬁdax If to be dgscribed‘here._ We shall call the

present index "the new H.A.0. index," as most of our discussion pertains

| to the original definition. For an individual flare, the 1ntegra£ed'inten-
-glty in B is defined as the product of four factors: relétive brightness,
apparent ares, a factor depending on the fraction of .ares at maximum bright-
ﬁeés, and dufatipn. The sum of the integrated Intensities of all the flares
'opcﬁrring on a:given day is a quaﬁﬁitatiﬁe estimate of the total excéss
‘solar eﬁergy due to flares. The clear physical interpretation of this in-
dex 1§,augmented by other properties that are adﬁaptageoﬁs in-many-applica— .
tions. Based on the gpparent aréa and obgerved durétion,-this index gives
P high weight té central flsres. Its dependence on flare position is shared
‘qualitatively by’flafé;asgociated radio and ﬁarticle'emiésion.. fhe index"
;iso assigns a high weight to gingle large flares, as compared to numeroué.
minor flares.. This weighting aleo sgrees with the probability of occurrenge
and the magnitude of.sudden ionospheric disturban;es.’ Thus,‘this'index '
measures a definite ﬁhysical guantity that is expeéted to bear‘atclése

- relation to several interesting phenomena.
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The daily flare index, calculated from the confirmed flares, is
defined as

Ip = I%%Q Z Ade
where_individual flare arealAd ls measured in square degrees and T*
1s the effective observing time in minutes. Only those confirmedrflares_
of greater than 1 squaré degree in area, as included in the IAU Quarterly
Bulletin on Solar Activity, are used in calculating the flare index. I£
corresponds closely to the flare index developed at the High Altitude
Observatory,to_measuré.the integrated intensity of flare radiation. The
flare aréas,aré not cofrected for éeometric foreshortening, so the
definition of If places great weight on large flares, locaﬁed near tﬁe
center of.the sun' s disk. Characteristics of the index If'are diqugéed
in more detail in the paper by C. Sawyer “A Daily Index of Solar Flare

a

fctivity" (J. Geophys. Res. 72, 385, 1967).

-

The table lists the date, index and actual hours of cbservation . .
included in the calculation and follows the table of confirmed Solar
Flares. b
o3
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Magnetic Condition

The magnetosphere is dlsturbed with varying frequency and intensity
by pertufbation in the sclar wind. ' Changes in the solar wind dynamic
pressure, whether sudden {(as in discontinuities) or gradual, result
in a compression or expansion of the magnetosphere., The effects are trans-.
mitted iﬁward as hydromagnetic waves and are manifested on the ground as
n an iﬁcrease”(for compression) or decrease (for expansion) in the magnetic

fleld, representing a meagnetospheric response of the simplest kind.

 (1) ' Magnetospheric Substorms

Although the_eXact'néture of the interéction'between thg golar wiﬁd
andlthe magnetosphere ét its bbundary ig not yet clear, there is increasing
‘evideﬂce‘thgt.particles and other forms of energy are injected into the
magnétcsphere continuoﬁsly.or in bulk. It gppears that when energy aceuma-
lated in the magnetosphere reaches a certain level, it is released rather
abruptly in what is termed a magnetospheric substorm The -substorm 1nvolves
.a largevscale reorganization of the high-energy partlcle population, of
the thermsl plasma, and of the magnetic and eleétric fields in ﬁhe
magnetospﬁere; it also produces a severe maghetic disturbance on the
surface of tﬁe earth at high latitudes, which is-called'a-polar sfat or
"magnetic substbrﬁ ---a complex phenomencn écgompanied by'other‘manifesta~
~ tions such as particle precipitation, auroral acfivity, infrasonic wave
devélopment- and generation of electfomagnétic signals; MagnetOSpherlc
 substorms often recur at 1ntervals of 3 or 4 hours, suggesting that this dura- -

tlon'ls the time constant for the buildup and release of energy in the

'magnetOSPhefe.

I- 21



As just mentioned, a magnetospheric substorm has a variety of
manifestations over the entire earth, each of which may provide an
importent clue to the basic processes involved. Recent studies indicate
.that the magnetospheric gubstorm is associaﬁed wifh a sudden growth of
electric fields. These electric fields generate the aurcral electrojet
in the polar ionosphere and accelerate aurbral particles, which, in turn,
éan produce visible auroras and x-ray bursts when they interact with the

atmogphere.

| The study of polar masgnetic substorms alone is.not sufficient to

undér#tand the whdie’phenoﬁenon of.magnefosfheric éﬁbstofmé; intensive
interdisciplinaxy gtudies of polar upﬁér atmospheric disturbance phenomens
‘are also needed. Compaqt, transportable, geophysical observatories
equipped_with‘identical standard instruments are suggested fﬁrlsuch
studies. A ﬁajor effort in the_analysié_of polar ﬁpper-atmospheric
disturbance phenonmens should be'directed tﬁward the esﬁablishment of g
modél;for the distribution of eléctric fields cdnsistént with various
@aniféstations of the magﬁgtoapheri¢ subgtorm, 'The next stepiié to infer
héﬁ these electric fields are produced as a conséquenée of.thé intéractions
‘between the "digturbed" solar wind and the magnetdsphere. Such studies
-may‘provide clues to important problems, including: How éanrsolar ﬁind
eheréy enfer the magnetoephere? How is this_ehergy gtored and finally

converted into the energy for a magnetospheric substorm?
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(2) Geomagnetic Storms

The magnetosphere is eeferely'dis%urbed'during magnetic storms,
_ whieh often aceur sbout two days.aftee en_intense-eolar flare, or sometimes
following the passage of a boundary in the.interplenetary-plasee sector
structure. Severai hours after the onset of a.megnetic gtorm, a rapid
succession of severe megnetospheric substorms oceurs and tﬁe geomagnetic
field is globally depressed owing to a formation of a rlng current in the
7 magnetosphere. Fhysical processes that take plaee durlng g magnetic storm
are extremely complex and many are not well understood. The major pro-
oeeeee'ihVOived and their effects as cbserved in the magne%ie field st
“the ground are shown schematicaliy'in Figure 2 (National Aeedem& of.Sciencee,

1969).

A typlcal geomsgnetic storm hae three phases: initial, mein,.aed
recovery (see Figure 3). A compreeelon of the magnetosphere, manlfested
oy a suddeﬁ commencement is the major feature of the initial phase.

- The main phese is characterlzed by the growth of an 1ntenee ring current
'belt and frequently by severe magnetospheric substorms.- During the
development of the main phase, as many as fen magnetospherlc substorms
may oceur in. close euoceesion, as lllustrated in Figure 3 (National Aca-
.demy of Sclencee, 1969). These substorms are cbserved from the ground
‘es 8 repetition of rapid growth followed by decay of the polar magnetic
‘ subetorms. The AR index has been. derived to express the actlvlty of

" these polar magnetlo substorme and thus of magnetospherlc substorme.
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The ring current belt which develops during fhe main phase is pre-
dominently composed of 5- to 50—kev protons. On the ground, the net
effect of the ring-current system is & reductlon of the horizontal com-
ponent of the magnetic field in midlatitude and low latitude. An importan1
' asféct of the ring current belt is a large axial asymmetry during buildup.

The "D " component represents the average intensity of the ring current

st
field on the earth's surface, and "DS" gives the mmplitude of the asyme-

tric component. There is some indication that the time variation of IS

is similar to that of the AR index, suggesting that the asymmetric component |

- of the ring current is closely associated with magnet0spher1c substorms.

~An east—west chain of geomagnetic statlons is v1tal for examlnlng the in-

stantaneous distribution of the gsymmetric part of the ring current.

Typisslly, gbout 6 hours after ihe snset of the main phasé,'the pblar'
magnetic‘sdbstorm sctivity begins to decay, while the maiﬁ phase sevelops
for'sn additional few hours. After the height of‘the'mainsphsse, the field
5egins to résover,_sharply for's few hours and then more gradually with -

time. This can take several days or even longer.

Tn this report the indices D and S are used for magnetically--
. disturbed-days snd'principal msgnetic gtorms, respectisely. The magne-

tically disturbed days (D) are selected in "Solar-Geophysical Data" 1n

_accordance w1th the general outllne in Terrestrial Magpetlsm (48, 219, 1943).
"The msthod'in current use calls for ranking the days of a month by_thsis.

geomagnetic activity as determined from the following three criteria_
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with equal weight: (1) the sum of the eight K 's; (2) the sum of the
squares of the eight Kp‘ g; -and (3) the greatest KP. (See the discussion of
the Megnetic Index A, on page I-40 for a definition of x?)

A table in "Solar-Geophysical Data" presents the prin01pal magnetic
storme (8) for the month as reported by several observatories through

cooperation with the International Associmtion of Geomagnetism and Aeronony .

71%25]g



- Budden Ionospheric Disturbances (SID)

Flares produce g variety of sudden ionospheric disturbences-(SID),
which can be regolved in height from the base of the D region to lower por-
tions of the F region. Timing differences on s scale of = minute or less
in the. initistion of disturbances and in the rise to peak of the event can
be highly diasgnostic of the nature of the ionospheric prodnction and loss
prndeSBes whén comparable data for ionizing fluxes are availgble directly

from satellites,

Pfocesses specific to the 60- to 75-km.height renge are:

;;‘ Sudden phase anomalies (SPA), where the sky nave changes pnase

© with respect to the ground Waveras a result.of an effective lowering of

the reflection ceiling near the base of the.D region, eometimes byras‘mncn
as 16 km. _

| 2. ©Sudden enhancement of atmosphericsa (SEA), manifested in improved -

reflection of very long radio waves (about 10, 000 m) from the bottom of

the D reglon.‘ Dlstant troplcal thunderstorms prov1de a steady background

| on & frequency of approximately 25 kHz, and signal strength may increase
;00 percent during a large flare, |

| 3. Sudden field-strength anomalies (SFA), observed ae interference
effects over medium distances betWeen sky wave and ground wave when both
are of nearly equal intensity As the reflecting ceiling.drops, the two
waves vary in and out of phase, thus giving large varlations in field

strength at receiver.

In the 75- to 90-km range there occur sudden 1onizat10n increaseg

which lead to:
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4, Shortwave (5 to 20 Miz) radio fadeout (8WF), which is attributable
to D region absorption. The pheﬁomeﬁa is‘prompt to within a minute of flare
outbreak as obﬁerved optically fro@ the earth.

4 5.: Increaseé absérﬁtion of césmic rédio noisé fr0m oufer space

observed by riometers at approximately 19 MHz (SCNA).

To explore the ionosphere above 90 km we can observe sudden fre@uenéy
deviations (SFD). An SFD is an abrupt increase in the freguency of a high
frequgncyrradio wave reflected from the ¥ regidn Tollowed by a slower decay
to the transmitted frequency. The freguency deviation characteristically
may-exhibit several peaks near maximum and may even show negative deviations
during the decay phase. In-contrast with the D region effects that accom;
ﬁany 1- to 10-A x-rays, the SFD's are highly 1mpglsivé -~ the rise tormaxi-
mum is roughly a minute, and the source fadiaﬁi&n is probably in the FUV -
region from 10 to 1030A, most likely dominated by enhancement of the Lyman

continuum radiatioﬁ'pf hydrogen.

Observations of SFD in radio‘transmiséioné vie the E an& lower F re-
gions have shown surprisingly fine tempofal structure resolvable on g gcale
.of only a few seconds. Hithout'knowledge'of the solarrradiatién flux,_SFD‘s
”éauld'sérve aﬂ.fast-fe301ving, ﬁroadband'détectors of expiosive flare out- |
bﬁrsts. _When combined with satellite flare measurements the SFD data can
provide uniqqe evidencé of electrqn-production rates and récombinaiion
_coefficilents. Recently it has become possible to record x-ray burste with

fine structure. similar to SFD's, and it is remarkable that the SFD and



.directly measured flux patterns are comparsbly sharp and can be matched
to within 1 or 2 sec. From auch comparlsons it 15 possible to- derive the
concurrent solar euv continuum emission and to infer 10nospheric regetion

times far shorter than previously suspected.

SIDs are observed on the sunlit hemisphere and occur almost simul-
tanedusly with visual flare observations. ©S1Ds and subsequent recovery of
the ionosphere have a time duration somewhat 10nger'than flare duration;

genefally‘from minutes to an hour, with rise more'rapid than decay.

Several of the various SID observatiéns aré rdﬁtinel§ identified and
digitized. ,Samplés of several types of original records as they appear
téfbre diéitizing are niceli'illustrateﬂ by Irinecoln (1968)._ The types
of STD are alphabetically listed below with briéf descriptions of cach,

The SCHA, SEA, SES, SFD and SWF listings ave avallable from the WoC-A ‘tor

,Upper Atmosphere Geophy31cs and have also been published in issues of Solar-

Geophy91cal Dats Since 1963. Bursts and SFE are also listed in Solar-Geophysical

Datsa. -

Burst - A sdlar noise burst-at riometer frequencies.is éeen aé a éuddeﬁ'
,increase-of signal-strength on the riometer records. Thie is caused by
solar radlo noise emigssions at riometer frequencies This noise'ié affected

by and can mask the 1onospheric absorptlon that is present The bursts ﬁre,
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of such ghort duration, however, that sbsorption changes during the burst
can be estimated., In addition to riometer observations, solar.noise is
‘routinely observed at much higher frequencies than those used for riometer

receivers.

Crochet - see SFE.

'-§g§é - Sudden Cosmic Noise Absorption, also referred to as CNA
(Cosmic Noise Absorption) Type I (see below), is charecterized on riometer
recordings by a suddén daytime sbsorption increese of several db within a
few minutes. Decay is scmewhat slower than rise, and the riometer record
is‘perturbed for a period of minutes to over an hsurr Séﬂe involves absorp—

tion outside Of-euroralrregiens;

SEA - Sudden Enhancement of Atmospherics is observed asan increase
in signal strength on' wideband equlpment operated to detect eJectromagnetic
emissions from lightning; This ‘equipment 0perates in the VLF (10 to 50 kHz)

range with the most commonly used freguency near 27 kHz

SES - .Sudden Enhancement of Signel:is observed on VLF freguencies
(15 to 50-kHz)Q _These observations are nearly 1dent1cal to SEA except thet
'the recelvers are narrow-bend receivers designed to plck up msn-made VLF

transm1551cns. As with SEA, signal strength increase is the SID 1ndlcator.'

SFD'- Budden Frequency Deviation, caused by 1onospheric dlsturbances,
is ebserved by beating’ the recelved radio 31gnal with a reference frequency
that is near the received frequency This technlque allows small frequency

-changes to be observed. SFD is observed in the high-frequency range,
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and the reference signal is obtained locally from a stable oscillator.
Occurrerice times and deviations in frequency are listed in data presen-

tations.

' SFE - Solar Flare Effect, or crochet, is observed as a small hook
on magnetometer records. It is caused by the magnetde field Trespors *
* %o increased current flow in the E region dne to electron enhancement

induced by flare x-rays.

SPA - Sudden Phase Anomaly is observed in the eame mgnner &g SFD
except that VLF frequencies are used and the reference eignal is the ground
 wave, TFor observ;ng SPA on transmitters more distant than possible for
ground wave propagation (about 200'km), the grnund wave reference signnl
"is provided-by telephone or a local reference signal seuree.is need ae in_

SFD observations.

'SWF - Short Wave Fedednt iS'Qbserved from eignai-strength records
of any ehortwa#e'(3.to 30‘MHZ) recelver. Signals from sweep-frequency
ionosondeS'(vertieal or oblique ineidence) mey'be cemnleteiy absofbed.

SWF is categorized ag gradual (G), slow (81), or sudden (S), depending

primarily on how rapidly the eignal loss occurs.

In additlon to SCNA discussed under SID, there are two other types
of CNA. Data on these latter types are not generally available bnt are. '

'_mentioned here to broaden_perspective., Cosmic Noise Ahsorptlon is dbserved-'
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on riometers that operate between 15 anﬁ 60 ﬂHz, but moet often near 30 MHz,
Absorption ié normalized-to‘low nighttimé abgorption cceurrences for that
station. CNA can be divided into BCA (sudden caﬁmencement absorption),

CNA Type I, also called SCNA (suddeq cﬁamic.noiée absorption), and CNAl
Tyﬁe II. CNA Type II 1s local nighttime absorption sssociated with active
aurora. The agsorption may persist for hours with irregular variation
includirng individual pegka 88 high as 8 to 10 db perslsting for seVerél

minutes. This is sometimes called auroral absorption,

AVSGA (Sudden Commencement Absorﬁtion) is cﬁafﬁcferiﬁéd Sj sﬁddeﬁ '
onset, occurrence in zones centered on the auroral zone (589 to 750 geﬁ-
magnetic), and persistence for less.than 1 hour. The SCA is similar to
\ SCNA in fise time and durgtion., Type I and iI CNA are somewhat local and

irregularly distributed in longitﬁde In céntras% to the zonal occurfence
" of SCA, BSCAs have been ﬁssociated With.geomagnetic storm sudden commehée-

ment x-ray fluxes.
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2800 MHz (10.7 cm) Solar Flux

Within thé past 20 years, radio obgservations have provided éAnew.

- means of proﬁing_the temperature and electron distributions in the solar
aﬁﬁo;phere-with the resultant possibility of providing éther‘indiceé of
solar ectivity. In particular, it has been found that the iﬁtpnsitylof
radio emiésiont&onlthe whole‘disk above a certaln minimum value varies
from day to dé& and in the viecinity of 3000 MHz the variétions correlate
ﬁell with the Zurich relative sunspot numberaror the total area of sun.
spots present on the disk., Sudden enhancements in the emission or bursts

R dccﬁr and can be separated readily from the background daily level to pro-
vide a second radio indication of solar activity closely associabed with
flare appesrances. It has been found that the intensity of the daily level
4aﬁd of the bursts changes slowly ﬁith frequency in the bandzfrom'looo ﬁo
9¢00_MHZ go fhat.any observations made on a singie frequency in the center
of this band can bé regarded ss typical and provides most of the informa-
 tion, The routine cobservations of the sun at a wavelength of 0.7 em {2800
MHz) were commenced in 1947 st Ottaws by the Radio and Eléctrical Engineéf-
ing Division of  the National Reéearch Council,éhd have provided observa-
tions suiteble for establishing a radlo index. It has been found that

the'single value obtained at local noon is sufficient for most applications,

The'correlation'betwéen.the.orbit31 deceiération of an artificial
satellite and'th; sdlar radi§ flux in theideciﬁeter rahge ha§ led to rela-
tionships_between the atmqspheric density at various heights and the 10.7-
and 20-cm radio flixes, Considering that the density variation is due to -

a temperature variation, it can be concluded that the solar extreme ultraviolet
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radietion (EOV) is resbonsible for the heating of the upper atmosphere
~ and that heat conduction is regponsible for its eooling. A‘change 1in the
wltraviolet rediation can be correlated with a change in the radio flux. Jjust
as with the sunspot number, which is a well-known index of solar activity.
The lO.chm and EUV ahouid be correlated In some degree, inasmuch as mnny
-'feetures‘of the sun vary with the solar cycle;'including the,number of
sunspots,'faculae,'fil&ments,'prominences, flares, and heighb of the chromo-
rsphere and shape of the corona. With regard to the radio waves'represented
and optical manifestations in the EUV regions, however, no exact
--causal.relation between these groups of phenomens has been advanced.
'—Although'it is true that both rediations issue from the upper chromospbere'"
and 10wer eorona, our knowledge of the'deteils of theirdorigin-is very de-
ficient. At present, there are northeoretical grounds for an exact'relamion

(Anderson, 1965).

 Daily observetions of +the 2800 MHz radio emissions which originete
from the solar disk and from any active regions are mgde at the Algonquin ,
Radio Observatory (ARO) of the National Research Council of Canada with a .
reflector 1.8 meters diameter., These are a contlnuation of observatlons‘
Whlch commenced in Ottawa in 1947, Numerlcal values of flux in the tables
refer to afSingle calibration made near local noonuat-lTOO UT. When the flnx
changes rapldly, or there iz a burst in progress at that time, the reported
value is the best. estlmate of the undisturbed level and prOV1des the

reference level for measuring the burst 1ntens1ty The various types of

outstanding events are listed separately in another teble. The observed
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flux vaelues have variatlons resulting from the eccentric orbit of the earth
in its annual path aroupd the sun. Aithough these radio-values are suitable
to use with observed ionospheric and:other data, an adjustment must be
introduced wheh the observations ére used in studies of the gbsolute or
intrinsic variation of the solar radio flux. Thus, the tables show both
the observed flux, S, and the flux adjusted to 1 A.U., Sa' The obser#a-
tions are made for a single North-South polarization but reduced for the
agsumption of two equal ovthogonal polarizations. A gfaph showing the
monthly highe and lows fbr the last two suﬁspot eycles 1s shown in Fig. 4.
Relgtive errors over long periodes of time are believed_to be + 2 percent,
QVer-a few“dayé"may'be + 0;5'ﬁeréent.';Thé charécféristiés of the dbéerva-i
tions are surveyed in "8olar Radio Emission at 20.7 em"” by A.E. Covington .

‘ [J Royal Astron. Soc., Cansada, 63 125, 1969]. Experiments conducted dur-

ing the past feW'years indicate that g multlplying factor of 0.906 should
be applied to the reported flux values in order to derive the gbsolute flux

value.
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HelIT Solar Flux

Many workers have carried out the detailed calculations to afterminr
how much of the incident solar UV energy is converted to heat in the thermo-
spheré.near 140 km, and how mucﬁ dissocigtes and excites oxygen and nitrqgen
' molecules. -The mean free pgth in the therﬁoéphere is so large that only a
small ;mount'of recombingtion énd de-ex¢itation occurs there. In order
forrthgsé processes to occur, the atoms and excited molecules must diffusge
‘down_inﬁo-fhekmesosphefé; It is there-that this énergy 1s ultimately
‘redévered and converted to heat. According to the latest estimates,

about‘TO percent of the solar UV energy ils converted to chemicél energy.

Most of the chemical eriergy 1s converted to heat in the altitude
?ange TO fo 90 km, through two recombination processes: Qne procegs in- -
volves the production of 02 and 03. The other process involves

‘de-excitation.

The extreme ultraviolet line of HeIl gt 304A conta;ns much of thet
energy involved in heaiing the atmosphere near 140 km The measurements
at 3ouA were obtained from Timothy and Pimothy" (1970) for Aprll-August
1969. These dats are a more sccurgte 1ndex.than_the 2800 MHz SOIar flux

of the upper atmbépheric,EUV—hea@ing (Andefson, 1965),



Solax Protons (Greater than 10 Mev)

Significant numbers. of charged particlegs, mainly electrons and
protong, are accelerated at the aun during many solar flares. ‘Some of
thesge particlos are subsequéntly detectedrwithin the interplanetary medium
and &t the earth. Theﬂé'particles serve as useful indicators of'solar,
“térréstrial, and interplanetsry conditions. Often; effects from theso

various regions are not separabie, but in certain events they are.

A series of Solar Proton Monitoring Experiments (SPME), initiated
by scientists at Johns Hopklns Unlver51ty /Appl;ed Physics Laboratory
i and at NASA Goddard Space Flight Center, is 1ntended to prov1de rellabler
Flux and spectral measurements of solar protons over at least half a
golar cycle and over a wide_flux range. Each SPME con51sts of an array
' ofisolid—staté detectors that measure the combined counting rate due to
fluxes'of'protons and alpha particles in each of tho three energy rohgen:
: 210 Mev/nucleon, = 30 Mev/nucleon, and 2 60 Mev/nucleon The alpha particle
component is usually very small and nay ‘be thought of as introduc1ng an“
4ambiguity of less than 10 percent 1into the proton count rate. Further dls--
cussgions of thls p01nt and’ of the SéME in general can be found in the |

"Descrlptlve Text" of Solar-Geophy51cal Data (February 1970)

The SPME was successfully lgunched aboard'the NASA satellites Explorers
34 (IMP-F, 1967-51A) and 41 (IMP-G, 1969-534) on May 24, 1967 and June 21,
1969, respectively. Explorer 34 re-entered;the earth's stmosphere on May'3,

- 1969 and Explorer 41 re-entered on Décember_23, 1972, Continuous data
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from the SPME have been presented for the lifetimesrdf Bxplorers 34 and 41.
Similar equipment was launched aboard Explorer 43 (IMP-I, 1971-19A) on
March 13, 1971 and thege data haye been uged to supplemeht-the Explorer 41

data, and will continue in 1973.

The primary purﬁose'of the SPME is to provide systemétic monitoring
of solar cosmic rays over at least half a solar cycle. The basic require-
-ments get forth for zuch a monitoring‘pfogram were:
1) to furnish simple reliable flux and spectral measurements,
2)' to © operate over a wide flux range and in partieular provide
coveragé fof very large events,
3) +to provide a simple and easily'reprodﬁéible deteétor system to

form the bagis of an operational monitoring prografm.

" A11 data from the SPME published as moni‘tbring data satisfy the £ollow-
. ing reqpirements:r - |
- 1) findl orbit determinstions have %éen made,
. 2) final time qorrettioﬁs have beé;ﬂmade,
3) ' all date quality flags indicate ;l:]:h.at the individual dats
point is "good. " R |
Data that_satisfy these requirements are then used to construct hourly
._averages“of the respective enérgy channels. The 260 Mev and =30 Mev
fchannéls arensamﬁled for 19.2 seconds once every 2 mimites 43.8 seconds, The
210 M?v channel is éampled ﬁwiée eﬁery 2 minuﬁes 43.8 secondé at_l9.2 ' |

seconds ﬁér sample, 'Thus, the maximum number of points in an hourly average



is 22 for the = 60 Mev and 2 30 Mev channels and 44 for the = 10 Mev
channel. If the number of "good" date poiits is less than 5, the hourly

average is not constructed.

These hourly awefagés}are £hen tabulated in a grid'where the houfs
of the day run to the right and the days of the month run from top to bottom.
The day is identified as both day of the month and day of the year. The
tabular-entries are nominqlly;foug characte;s gagh. Theudecimal point '
will be éutomatically shifted to‘ﬁhe,right as'thé infensity increases untii
1 it finally disappears when ‘the intensity 1s 21000 protons om 2sec l. It
the intensity becomes . 10 000 protons cm’ 2sec l, the blank space between
colunns is utillzed go that 1ntensit1es up o 99, 999 protons cm 2sec -1
. may be accommod&ted The entries all begin with a low intensity format of

0. xx The followlng ig an example of how t?e entries appear for an 1ntensity
g

.increasing from D.55 protons cm - 2 1 to 55,000 protons cm 2sec-l.
| o
©5.50 §\j
55,0
s
5500

35000

‘ "The hourly a#erages are-alSO‘plotted vs. time in monthly blocks.
The response of the 2 10 Mev channel in the radiaxion belts is very noticeable_
since thls channel also responds to electrons of energy 2 515 kev;; This low

an electron energy threshold makes this channel respond to the r@diation'belt
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for @& much larger radial extent (at times out to 10 earth radii) than
channels 1 and 2 whose electron thregholds are geveral Mev in energy.
-The actqgl time profiles, que to the radiation belts, displayed by the
210 Mev chamnel onrthé hoﬁrly plofs are highly variable due to the great

variations in these trajectories through the trapping reglons.
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Tne Mapgnetic Index Ap

Typesrnf.soler-terrestrial correlamione and more recent gpace ob-
serratinns demonstrate, when viewed in tntal, that magnetic acnivity on
) thexearthfis.very'closely related to solar phenomene. This has already

been discussed to some extent in the section "Magnetic Condition."

To facilitate correlations wiﬁh nnher phenomena, both terrestrial
and‘solar, an& to have simple eriteris for relating changes in magnetic
activity from hour to hour, day to day, month to month, etc., various
indices of magnetic activity have been proposed and used Two of the
'roldest are: C the daily character figure on a scale of 0 to 2-'whicn ig
& simple numerical but qualitative, estimate of the day' E act1vity at
.each observatory, and U which 1s a measure of the change in the average

value of the horizontal component from day to day.

In tne past two decades considerably more use has been made of an
_:index called K when given for a single observatory, and K when given

for 8 select group of observatories which we will describe belOW' .Kp,

l'in particular, ‘has been used extensively in space studies both for'cnarac-'
terizing solar-terrestrial conditions and for correlatlng in detail magnetlc
-‘activity with numerous types of space measurements ranging from magnetospheric
'neutral particle densities to cosmic rays Thus, it is important that we ° |

. have some understanding of the meaning of Kp

The K-index of a station is. a quasi-logarithmic measure of the local

magnetic activity obtained in 3-hour intervals of the Greenwich day, It
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1s related to the maximum range in the 3-hgur interval of the most disturbed
component of the magnetic fleld. The index assumes values between O and

9 corfespoﬁding to the quiefest and most disturbed conditions, respectively,
Since the degree of magﬁetic activity as measured by the range in gammas

is strongly latitudeadEpendeht, the dlfferent magnétic cbservatories

muet applj appropriate scalinglfactors to convert the gamma-range to K-
index 1in ordef that the freiuéncy distribution éf K-indices be the same

for gll obaerving éﬁatlons. Thus, a K of 9 wnul& represént a'range of at
leﬁst 300 gammas at low latitudes and 2500 gammag 1n the auroral zone.

More than 80 stations currently provide K-indices.

| The planetary index K_IJ is the average of 3-hourly K-indices from

_.12 selected observatories located in middle geomagnetic latitudes from
47° to 63°. All but one of the stations are located in the northern hemi~ .
gphere, The index is commonly used as a measure of the global average

 magnetic activity. However, it‘mugt be borne in mind that cgnditions in

polar and equatorial regions.may_not conform with the planetary Kp;'

A linear sqélé Qf distﬁrbapﬁe values 8y has been adopted cgrrespond-
ing to the quasi-logarithmic yalues_Kp,. Each Greeﬂwich day hgs 8 ap-values'
-correspondipg to the § Kp-valqeqfi The daily average of ap.is called the
daily planetai& aﬁplitﬁde and is denoted A?f High valqes of this index
| are &efinitely assoclated with upper atmosphere heating although the heaf-

ing mechaniam is not completely underatood ( Anderson, 1973)

The 3-hour1y K -and daily 1'5..p values for each month gre published

(with a 2-month lag) in the Solar Geqphysical Data ( Prompt Reports)

Part I, CRPL-FB 135 £ U S Dept of Commerce, Boulder, Colo., UsSA 80302
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The AE Index

| Although the A? Index igs capasble of deséribing'the_general State of
planetary geomagnetic activity, 1t contains contributions from at least
two mg Jor sources, the suroral electrojet and the ring current. To study
gurorslezone activity it is desirable to maximiﬁe the aurorel electrojet
contribution. ‘This has been accemplished by the development of'the AE
index; wo obtain thig index nf geomagnetie actinity, only slightly sub-
aureral-zone stations are employed for the most part, end they are chosen
BO asAto'provide uniformly spaced coverage arounq the aurorsl zone. In .
. some cases this necessitates the use of southerhn hemisphere stations to
take adrantage of the apparent conjugacy of megnetic variations of a snb-

‘gtorm nature

. TnerAE index-is constructed by using onl& the;H. component of fhe
perfurbemion field. .The H component at each observatory is scaled at
‘2.5-min‘interVals, the average qulet-time baseline 1s used as a reference
level. These baseline levels are assumed to be withinaw 10 gamma of the
nndisnurbed H bomponent, and thus the actual sceled values of AH include

8, comtributions in eddition to those from the auroral current system.

All t‘he: écaled values 'frem the irarious nbservé.tories are su.perim-' .
posed inralmagnetogram format; Thls composlte drawing is enclosed by upper
and lower envelopes representing “the maximum positive and negative values

of AH for all observatories at each given time The amplitude of the
upper envelope at any instant is denoted by AU, and the amplitude of the

lbwer envelope'iS‘designated by AL. If the ststion distribution were
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closely enough knit, AU and AL would represent the maximum posgitive and ne-

gative deviations occurring along the auroral zone.

Physicelly speaking, AU gives.a good representation of the maximum
magnetic perturbation generated by the eastwa:ed electrojet usually found
in the afternoon sector. Similarly, AL represents the maximum magnetic
rerturbation generated by the wegtward electrojet in the morning snd |
midnight sectors. At the present time it eppears as though the eastward
and westward electrojets may fluctuate.independently of one another,
and it may be useful to treat AU and AL as 1ndependent indices. However,
at the present time it is customary to combine these indlces to give a -
| dlreet measure of the total max1mum-amp11tude of the eastward and west-
vard electrojet currents. Hence; the index AE.is defined by AE = AU - AL.
Thus, AE represents the difference in levels (measured in gammas) between

the upper and lower envelopes at any given instant in time.

Although AE is generally calculated at 2. 5-m1n 1ntervals and is
availgble in this form from the Wbrld Data Center, hourly average values of
AE are also available for the period 1957~l964,¥inclueive (Universitj'of
Alaska Reports UAGR-192 UAGR~200) More recent AE index values through
1970 are available from the Natlonal Space Sc1ence Data Center, Goddard

,SpaCe Flight Center, Greenbelt, Md 20771
Observations of tfaveling-ioﬁospheric disturbahces emanating_from

~ polar reglons have led to the suggestion that auroral‘enefgy may be coupled

to atmospheric wave motions through heating produced by chmic dissipation
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of electric currents, Joule heéting. Cole's (1962) pioneer work has
established that Joule heating in the region 100-200 km could lead to
large temperature changes, ﬁhrough heat flux by thermal conduction in
the vicinity of 150 km snd above, However, below 150 km it appears that
the relaxation time, i.e., the time it takes an inifialltemperature impulse
T, to fall to e'lTi, 1s at least one day and is independent of T,. On
this basis, ghort period gravity waves (~ 1 hr) should transfer.énergy
morg‘efficientl& than cbnduction below sbout 150 km, if the verticél
.. scale of the‘propagatinglwaves-ié'approximately greater than the local
séaie he;ght and if the cqupli?g,of aufqral heating into gravity wave
energy is efficient. Blumen and Hendl (1969)_hafe‘investigated Joule

heétiﬁg:in,the vicinity of the auroral electrojet (100-150 km).
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The D ., Index
st

The D index provides a planetary magnetic index on a hourly bas¢s
thet has been uzed extensively in studies of geophysical disturbances,
particles and plasma in the magnetosphere, solar-terrestrial relationships,

and cosmic rays (Suguirs and Cain, 1969).

Equatorial D . 15 a measure of the mean departure from normal of
the horizontal component, H, of the Earth's magnetic field observed at a
group of low-latitude stations, whereas 8, is based on 3 hr ranges of the

fleld at stations in higher latitudes.

Tﬁe stfength.of D liee in its abllity to detect all magnetic

' etorms. This stems from the fact that the ring current ig world w1de in
nature, and thus there is )ittle or no possihility of D not reacting to
the growth of the ring current Furthermore, wlthin about two hours, the
Dét'index ghould be abie to identify the enset and termination of the main
phaee of a megnetic storm (during which time the major portiqﬂ of the_énergy
of the etorm is dissipated in the magnetosphere). Thus, the D; 4 index
gives é good-qualitative deseriptiqn of the gross level'bf'magnetospherie

activity at any time, although it cannot be used to: reveal the presence of

indiv1dual substorms

The values of D st used in thls analysis came from Goddard Space __e

Flight Center reports (see for example, Suglura and Poros, 1971)
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Solar X-Rays (1-84)

This index is used to indicate the ﬁagnitude‘of the x-ray flux
between 1-84 which can causé atﬁogpheric heating beﬁween 55-105 km. Solar
-x-ray emissious; like solar radioc emissions, originate froﬁ both thermal
and nonthermal processes that take place primarily in the solar corona.

, Solar x-ray emlssions can be divided into three components: the quiet

sun component, the slowly varying component, and the burst component.
Nonthermalrﬁ-ray emissions occur only in the hard x-ray emissions (photon
energles greater than aboutllo kev or wavelengths less than about 1A}
accoﬁpanjing solar flares, Solai'x-ray astronomy-has been‘reviewgd by Krimi-

-gis and Wende (1970).

Solar x;rafé are directly observed with satellite-born detectors
and indirectly observed through their effects on the ionosphere. The
occurrences of solar x-ray bursts are indicated by the.sudden-ionosphéric
disturbances'(SID). Patrol types of solaf X-ray meésurements must be
darried,ﬁut_using instruments flown 6ﬁ satellités; ‘Because soiar X-ray
l.instrumentation must be flﬁwn on satellifgs, the‘data qﬁité often contain
Pericdic and signifiant time inter#a;s when no data weré obtained‘dué to

the satellite's being eclipsed.

Ion chambers, proportional cbunters, Gelger tubes, and scintillators
afe used to méasure the integral'soiar x-ray flux within speéific wavelength
. or energy passbands, A review of suqh insirumentatiqn is given by'Neupert

(1969).
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Solar x-ray fluxes, integrated over the entire solar disk in units
of ergs cm-2sec-l over a specified passhand, have been cobtained from -
gseveral satellites. The x-ray fluxes are useful and sensitive indicators

of the level of solar activity.

The data used‘in this report consist of tables_df hourly averages
of x-ray flux in the 1 to 8A band. The primary source of the da£a is the
Naval Research Laboratory's SOLRAD 9 and 10 satellites. Each satellite
stores 0.5 to 34, 1 to 8A, and 8 to 20A data in the satellite memory with
& one ﬁinute time fesolution. Thérefore; a continucus record of'the #Qray
' eﬁissioﬁlffom the sun,.eXCept for éaps‘due to satellité nighf énd
éharged @afticle interference, . is available for these three bands. a
-complete descfiption of the SOLRAD 10 expefiments is given in'NﬂL Reporﬁ
No. 7#08 titled "The SOLRAD 10 Satellife,_EXplorer L4, 1971-058A." A
complete description'of the SOLRAD 9 experiﬁents is given in NRL Report

No. 6800 titled "The NRL SOLRAD 9 Satellite, Solar Explorer B, 1968-17A."

The data from the 1 to 8A ionization chamber are converted to al
to 8BA energy flux based on a 2 x 106K gray-body solar emission spectrum

(Kreplin, R.W., Annales de Geophysigue, 17, 151, 1961). The averages.

‘Ninglude date obtained during solar flares but data contaminaiéd‘by charged.
particle_iﬁterference are éxcluded Whérever'poésiblé, When SOLRAD‘lO

- data for an hour are.missing, SdLBAD'9_data3§ré‘used. Measuremenﬁs by the-:
SOLRAD 9 and SOLRAD 10 l:to 8A ibnizétion'chambgrsrﬁre viriually identical
so normalization is not reqﬁiféd. For identifiéation purposes only, the

SOLRAD O data are followed by the symbol <. The values given for each
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hourly average are in units of 10-3 ergs/cm2 sec, and the time scale is
UT.. The tabular entries are made. with a shiftlng dec1mal point. There-
fore, the values which may be expressed 1n the four spaces aSSl&ned to

each entry range from .001 to 9999 times the basic unit, 10 -3 ergs/cmg sec.
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5. SOLAR-TERRESTRIAL LINKS AND STRATOSPHERIC WARMINGS .

Before physical theories can be invented to explain certain suspected
solar-weather relations, including stratospheric warmings, several links
must be filled in. Some of the principal missing Links in the development

‘of such theories are as Tollows:

Thorough knowledge of incident solar flux - Long-term accurate measure-

ments are needed st all wavelengths, including Lyman-alpha (12164), EUV (106-
90011), and x-rays (< 1004). Most of the Lyman-alpha is absorbed below 100 km,
Its flux varies from about 6 to 3 ergs cm -3 gec -3 betWeen high to low sobar |
actlvity. Changes during flare perlods are not 51gnif1cant geophysically

The x-rays should be measured globally, since the greatest varlation in

solar photon output oceurs in the X=ray reglon (up to 3 orders of megnitude
with periods of mlnutes to hours}. It ig necessary,to separate out the-
ionizing effect of fhe x-rays from that of 1onger wavelengths. The main
action of x-rays is rto create ionlzation netween 120.1{111 _(100_'5\) and 55 km
(1R). However, they are not the sole ionizing agent in this altitudé'rénge

nor is their contribution to heating the major one.

 Appropriate data on the primary photon interactions - Quantitative

data-dn the rate coeffidients-of varicus types 6f't:ansitions for all the
 important constituents at all important wavelengths so that the consequential
"effécts of_thé primary photon interactions, such as ionizations of atoms

.'and molecules, dissociation of molecules, etc., can be assessed.
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Heat budget of the mesosphere near 80 km - What are the altitude,

latitude, temporal, diurnal, and seasonal variations of mesospherié Lempera-
tures? How are the temperatures related ﬁo the iﬁtensity and variations

ol' the solar Lyman-alpha and x-rays? Are there other importanmt, heat BOUr Ce:s
for the mesbsphere, such as particle influx, and how do they contribute to
the tempersture structure? What is the energy 5alance of thg mesosphere as
E:) fﬁnction.of height, and what are ité‘global variations? A difficult aspect
of this problem is the transfer of ehergy as a reéult of radiative processes
- and various circulation_processes; The altitude at which energy is'abso:béd
need not in general correspond to the altitude at which it is éonverted into

thermal enérgy.

Cireulation in the MeSogphéré'— It is necessary that the temperature,
'denSity or pressure, and composition of the mesosphere be measured as fﬁnc; .
: tioné of altitﬁde, lqcatién;and time, in sufficient détail to disclose the
general patterns and systematlc varlatlons that occur with (a) tlme,

(b) season, (c) sun-spot cycle, (d) 1ocat10n, and (5) the condltlon of other
parameters’ (meteorological, auroral, geomagnetic,etc.). The llmlts and
.‘éharacteriétics of randoﬁ #ariatipns that cannot be asgsociasted with other
geophyslcal parameters should also be.dgtermined. Thus; it is necess#r&

to. establ_ish ‘Ehe i.nhérent variability of the mesosphere, both short ite'rm

| (to determine p0551ble effects due to x-rays) and long term {(to find POoSlble

effects due to Lyman-alpha)
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What are the vertical distributions of ‘the chemically active atmo-

spheriec specie59 What processes control those dlstributlons? The most

important species are ozone, nitric oxide, carbon dlox1de, hydrogen and its
compounds, atomlc oxygen, argon, methane, and excited atoms and molecules,
These minor constituenis need to be measured as function of latitude and
time. Water vapor an& methane dissociate in the 60-100 km region, and the
diSSOciation and recombiration rates are so poorly known that a direct
meascrement of their conceﬁtr&tion is needed. -Accurate measurements of the
vertlcal proflle of some or all of these species will be interpretasble in

terms of the large-scale circulation in the mesosphere,

Laboratory messurements of resction rate coefficients - While some

of the chemistry of the mesosphere is understood there are serious gaps in
our knowledge of the chemical processes 1nvolved and many of the needed

rate coefficients are m1551ng.

How is turbulence generated 1n the mesosphere?‘- If waves are respon-

' slble, what are their origins, and are their amplitudes suff1c1ent to

cause nonlinearltles?

. How does eddy diffusion'affect the distribution of atmospheric gases

'and the transport of heat? - This is an important questlon near 80 ¥km. It

is necessany to determine the value of the eddy diffu51on coefflclent as a

functlon of helght and’ time from 60- 100 .
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What are the physical mechanism(s) responsible for interaction(s)

between the mesogphere and lower atmosphere (tropoiphere and stratosphere)?-

How does their relative 1mportance vary with altltude, location apd time?
Statistical studies indlcatlng correlatlon between upper and lower atmospheric
phenomena have little validity enless backed up by physical mechanisms. For

' example, the statistical correlation betﬁeen the international eagnetic
'character index ¢ (whlch is correlated with solar act1v1ty) and lower atmo-
sphere circulation systems may result from dynamic intercomnections between

1ower and upper atmosphere circulation systems ragther than of solar emission.

to be developed,in order to flnd the influence of‘upper atmospheric solar
-heatihg, etc., upon the oireulation:in the atmosﬁhere. How is the general

- circulation‘influehced_by irreéular changes in the.sunrs-emiesivity or by
variatiohs of the reflectivity of the earth-atmosphere system? The physieal
basis for changes'in lower-atmosphere eirculation‘patterns isAnot fully

‘understood..

Development of technlques to evaluate the 51gn1f1cance of weak

relationvhgps or relatlonshlpa exposed from a small number of cases -

Only about Ol percent . of the solar radlatlon 13 in the wavelengths con-
'751dered Even 1f this energy absorbed near 80 km does influence. the earth's

"lower atmosphere, how could this be deteeted?

Figure 5 indlcates the many types of perturbatlons affecting the

stratosphere and the connectlons anong them. "
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1. WARMING CASE STUDIES

‘The study begsn with the selection of a set of cases fof atua&. The
origingl set of caaea were ldentified through sn extensive survey.of the
literature on Stretospheric Warmings. Through detailed study of these cases
and additional data acquired during the study, the case histories were expanded.
A mmber of deta sourcea were uaed in the study of each case., Routine 10-mb -
analyaea on & dally basis are available 1n microfilm form for the northern |
hemisphere from the Envirommental Data Ser\rice, Nationgl Weather Records Center.
Theae mapa were augmented by a number of additional anslyses of warminga kindly
loaned the 1ﬁ§eatigators by Mr. Roderica S..Quiroz,ZUpper-Air Branch, National
Meteorological Center. Extensive uge wes made of published materisls from
3ournala. These data were derived fram rocket sondes, baslloon sondes, and’
satelllte analytic soundings and radiance measurements.. The bulk of the data
‘used for southern hemisphere analysis was 10aned to the investigators by -

Dr. Sigmund Fritz, National Environmental Satellite Service and consisted of

daily digital global maps of SIRS radiance. This data was augmented by a small
.num'ber of Nimbus 3 MRIR plots of radiance ;f‘rom Channel 3 (14, 5 15.5 gm) obtained
from National Space Selence Data Center. Attempts to obtain verticel temperature |
profiles through an identified warning from the Environmental Data Service vere
umauccessful Also unsuccessful were attempts to obtain any data from Clarendon
Laboratory, Uhiversity of . Oxford the principal 1nveatigators of the Selective

Chopper Radiometer on Nimbus.

The Stratoapheric Warmigﬁrof Agril ~_May gé

Fritz (1970) descrives a stratospheric warming present in early May ‘over

the Indisn Ocean near h5 S. Figure- l presenta a march of the maximum zonal radiance
(SIRS A, Channel 8) for 40°s, 50°S, 60°s, 70°S, and 80°S from 15 April - 1L May 1969.
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This data wﬁs der;vbd from digita; rlots of SIRS radisnce obtained from

Dr. Sigmund FTitZ; National Envirommental Satellite  Service. The -warming is
evident in early May from 40-60°S. However, from 70-80°S, the maximum radiance
occurs on 24 April. Figure‘E displays the maxiﬁum radisnce at latitudes of
40°®S or greater. Five peaks sre apﬁarenﬁ; the two mejor pesks occur at

| 3G April and 5 May. Unfortunately, the lack of radiance data for days earlier
than 15 April does not allow an accurate selection of the date of the start of
this warming. Therefofe, no detailed anslysis vill be attempted; however,

some of the data fram this warming will be used In later general analysisz.

The Stratospheric Warmings of July - August iggg

. Taree distinct stratospheric wﬁrmings occurred betweéen 3 July 1969 and
19 August 1969, with peaks near 13 July, 6 August, and 16’August (Figs. 3 and 4),
With regard to the July warming, Fig. 5 (Fritz and Soules, 1970), displays the
.change in radiance in the CO, band centered at 669 3 em -1 measured by the Nimbus 3
SIRS instrument from 25 June - 10 July 1969. Fig. 6 (Wark, 1970) 1ﬁd1¢a¢es that
‘this'band (channel 8) is most representative of temperatures'néar‘lo mb‘(3i km).
In ﬁig. 5, coqling {¢) bccurfed everywhérelfrcm 20°3-U0°N, while large-scale
wﬁrming took place over much of the fegiou south of 20°S The 669 cm-l radiénce
field on 8 and 9 July 1969 ie presented in Finger and McInturff (1970) A 30-mb

(Eh km) temperature field for 9 July 1969 is shown in Miller et al (1970).

The starting and ending.dates of the'July'warming may be determined from
Fig. 3, where the solid curve is derived from the daily maximum radiance (ergs
onm -2 lster lcm ) values at laiituﬂes hO S or greater from SIRS A, Channel 8
world-vide digltal printouts, dlsplaying redisnce values at intervals of 10 degrees
of latitude and 30 degrees of iongitude. The maximm radiance values wére between
40-60°S latitude. The dmshed curves represent the 10-mb (31 km), 30-mb (24 km)
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temperatures from Mirny, Anterctica (Finger and MeInturff, 1969; Smith et al.,
1970). From Fig, 3 the start 6f the warming at 31 km is (solid curve) at 5 July;
the maximum at 13 July, and the end at 21 July. The 10-mb and 3§-mb curves indicate
that the varming started 3 July. The 10-mb curve indicates that the peak of the_
wnxnﬁgg near the South Pole at 31 km was.near 16-17 July. Close agreement is not
expected between the solid and dashed curves since the respective lOCBiioﬁs differ

appreciebly.

From Fig. 4, solid curve, the second warﬁing starts on 1 August, peeks on
6 August, and ends on 11 August. The third varming starts on 11 August, pesks
on 16 August, énd ends on 19 August. For these latter two warmings, the-Mirnx
'lOumﬁ and 30-mb temperatures agree within sbout one day for the start, peaks and
ends of the varmings. Fig. 7 presents a 30-mb temperature field for 17 August 1969;
near the peak of the third varming (Miller et al., 1970). Two warm centers are

showm.
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Correlation of Geophysical Indices with SIRS A Channel 8 Radiances, July -
August 1969

Table 1 liste the indices vs. day of the month from 1-17 July 1969,

'No daily flare index was availsble for this period. If the start of the
.warming was 3 July (10-mb and 30-nb ouryes, Fig, 3 ), then possible heating

| oandidates are solar x-raye and/or electrojet heeting. Solar flare of impor-
.tdnce 2 or greater ocearred on July 1, 3, 4, 5, 6, and 7. On 3 July, there

- wag an SID‘of.importance 3 and a strong x-ray flux (1-8A). 'Teble 2  shows
the 1-8A solar x-ray bursts (Explorer 37)‘from 1-16 July 1969. The 3 July
fiux of 0.19 ergs cm-es-l was not, only the. strongest x-ray burst measured
fdurlng this period but it also was of long duration (40 minutes). The AR
.maximum of 294 on 1 July indicates that Joule heating associated with the auroral
electrojet must be considered also as a trigger mechanlsm On 5 July, there
was a flare of importance 3, SID of importance 2t s and msxima in solar x-rays,
He IT flux and AE, If the heating started on 5 July, as. 1ndicated by the
solid curve of Fig.‘3, . then EUV: heating (He II flux) (140 km) and electroget,
_(AE)\(lOO km) are poseibilities. Fig. 3 (Solid curve) indicates a broad
'warming maximum from 8-15 July. This broad maximum could result from enhance-
>ments 1ndicated by indices for x-rays, He I flux, Ap, D st and AE. The

x-ray fluxes (Taple .2 ) do not appear strong enough during this perlod

~Aga1n, eleetrojet heating offers the best possibility gince it oceurs lower

(100 km) than the EUV hesting (1uo km)

Table 3 ‘lists the indices vs. day of the month from 29 July -
14 August 1969, Fig. 4, solid curve, indicates that the start of the
second warming was 1 August; 'it wasffollowed by a very steep rise injradience“
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to the peak on 6 August. A solar flare and SID of importance 3 occufred on
':29‘July; AlsgJ én X-ray maximam occurred on this date, but the xiray bur§té
Were not very strong. Ou 30 July, a principal magnetic.sturm oceurred to-
gether with maxime in Ap and AE, On 31 July, a Dst maximum occurred. The
most likely cause of the start of the second warming was electrojet (AE)
heating. |

The £hird warmlng started on 11 August and peaked on 16 August
(Fig. & -). Both. the solar x-rays and He IT flux had maxims on 11 August.‘
 However the sssociated fluxes were not partlcularly strong. On 7 August
Tthere was an importance 2 solar flare and a Weak maximum in x-rgys. On 9

4August Ap had a maximum. On 10 Avgust, Dst and AR had moderate max1ma.
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The Steatospheric Warming of December‘l969 ~- January 1970

A mid-winter warming affectlng 8 deep layer of the Northern Heml- '
sphere stratosphere occurred in December 1969 - January 1970. While limited
circulation changes were Observed, meteorological‘rocketsonde data indieated
a warming of significant.proportions, nith tempersture increases of up to
BOOC'near 40 km. At the 10-mb level (apnrox. 31 kmj, unusually warm tem-
peratures -were first noted over southern Europe after mid-Decembenl Aecord—
ing to Gelman (1970), the warm ares, expanded and the center moved north-
eastward along the direction of wind flow to central Siberia, where tenperatures

_warmer than -lOOC were observed at-lO mb around 27 December.e;At West Gelrinish,
Scotland, extreme conditions were observed w1th a temperature of +38 C and
,w1nds in excess of 300 kt. ai I3 km.. An 1ntense antlcyclone centered over
Alaska had developed durlng the course of ‘the warming. At the end of Decem-
ber the warm air at lO mb was displaced poleward from center Slberla in

" the southerly flow between thig antlcyclone and the elongated polar vortex.

- By January 3, the warm air had reached the polar region with ‘the moderated

cold air being dlsplaced.southward, thus reversing the normal wintertime'

temperature gradient, -

Miller et al (1972) constructed hlgh-altitude analyses of the warm-
1ng event up to the 2-mb level (43 km). The-satelllte Infrared Spectrometer
_(SIRS) aboard the Nimbus 3 satelllte ylelded large amounts of radiation
temperature data (Quiroz, 1971) The use of rocketsonde and satellite data, ‘
combined with high- altltude radiosonde observatlons allowed hemlspherle

synoptlc analyses at “the 10-, 5-, and 2-mb levels to be constructed
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Unfortunately, it was not péssible'to construct the high-aititude anglyses
on a aéilj“baéis} Consequently, "analyses were dohe for the seven. selected
days: December 17, 24, 29, 31 and ianuary 3, T and 14,

Figure 8 @epicts the height and temperature analyses gl 2-mb for
24 Decenber. At this time the polar cyclone was'the prominent.circulation
featuré with ridge development near Japan, The cold centre associated
with-thé polar low isg locafed over Canads, with warm air centers over the
USSR and southeast United States. Comparison of the positions of these
. warm and cold areas with those at 5-mb (not shown here) 1nd1cates a general

_ westward slope with height.

A'By 29 Decgmber,7Fig, Q,the‘Eaétern Hemiéphefe warm air centér_had
‘inténsified.cénsiderably and moved westward with time. As an exampie of the
ghange in intensity, a rocket cbservation st ﬁhé:Unitéd Kinédom's West
Geirinishjstation On.ES'December méasured 8 2-mb temperature-df -23%;
but.bh thé'BTth ‘the'dbserved temperature was +23OC é riée of 46°C -'In ‘
aﬂdition, the general helght pattern developed a more wave 2 type configurg-

tion, W1th a general elongation of the polar eyclone,

Figure 10 illustrates:the,apaxysésifOr 3—Jgnuarj. It is‘obvious_thAt‘.
'treﬁendous.éhanges have taken'piace iﬁ thé height field in‘the S~day périéd‘
ffom'29 Debembér. The most:&riking feature on this chart is the segmentation
of the height field. Remnants of the. polar cyclone were located malnly

over the Northern Pacific and Atlantlc Ocean areas, while relative highs
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were situated over the North American and Eurasien continents, including a,
' ridge across the polar regions. The temperature Tields had GOntinued_their
Weetﬁard retrogressioe with the warm air; about +20°C, maihly over North
America 'and-the cold cell asseciated with'the deepest cyclonic segment
located with the coldest alr over the Alaakan-Slberian area. This geries
of maps clearly points out the rapidlty with whlch the warmlng and circu-

lation breakdown took place.’

The last anal&sis of this'seriee,'Fig.JJ,,Bhows:that by the middle

o of‘Jenuery,;the warmieg_ip:ﬁerthern_latitudes had.ruﬁ its _course and cool-
'ing wELS taking place. The height field, however, was still considerably
'perturbed and the wintertime poler cyclone had not yet returned to the Arctic
region.- The circulation changes in lower levels of the strat0sphere (at

.and below about 30 mb) were not nearly as pronounced as those descrlbed
above Although warm air was noticeable over the SiberlanwAlaskan region,
the poler cyclone remained strong and primarlly in 1ts seasonal Arctic loca-‘

tion.

F1gure12 shows the change in temperature at 2 b (43 km) from 24 De-

rcember 1969 to 3 January 1970 Thls map was derived by subtractlng the

B temperature field in F1g 8 from that of Fig. 10. The - maxlmum tempereture

1ncree8e is 80 degrees w1th center located at 258 longltude. The.max1mumr

decrease is around 30 with center at 182 longitude.'
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A description of the major radisnce changes during December 1969 -
January 1970 has been given by Quiroz (1971) The analysis was based on Nimbus 3

SIRS meps. ‘The features of greatest interest include'

1) Development of a strong bi-cellular pattern of high radiance with
eastward‘displacement of the system centered ever northwest Africa.

2) Apparent wvave reinforcement over Siberis (Fig. 13) resulting in a
radiance maximum > 70 ergs/ in channel 8, around 27-28 December.

3} Translation of high radiance system across the polar area to the western
hemisphere, with maximum local increase of 38 ergs/ near 75°N, ldﬁ from 24 December.
'Vto b January.

'hj—rngﬁpéﬁiné ef-thie ayefeﬁ,rWiih'generaiion'ef vestvard-traveling veves
across North America to As;a. |

5) Displebement of polar lbﬁ-radiance sjﬁteﬁ (central value 31.5 ergé/
on 2k December (Fig. 13) to Canada, thence westward to Asia {Fig. 14) and return

to pole by 9 January

: The down-pointing NIMBUS SIRS inatrument has a field of view of about 200 km
7‘bj 200 km. (The angle of view 18 16, ) The orbit is sun—synchronoua and is

' therefore alwaya shifting westward as the satellite proceeds northward to 81°N

then southward on the Opposite side of the globe to 81°s. The 1ongitude separation
between suecessive orbits is 27 The instrumental accuracy is high. Obeervations,
'.were made every 8 sec along the orbit, yielding somé ten measurements every h' of
l&titude.' The radiance dats. which were . used are generally averages of up to five
:of these measurements, taken within squares defined in the numerical prediction ‘
“grid used by the National Meteorological Center, ahout 380 km on the side. All
orbital date that met baaic calfbration criteria, taken in a 2h-hr period centered

- on 1200 GMT, were used. _
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. Hap printout waa o'bta.:lned at 2-day ntervels in a Gonday period centered
" on 26 Deeem'ber 1969 near the time of masei mum ue.rming. Anslyzed channel 8

radiance maps for two selected dates are shown in Figs. 13 and k4.

For a typ:lcal wa.rm-la.yer th.tekness (20-25 km), Quiroz (1,971) has shown
th.at the central altitude and the amplitude of we.ming can be aatisfa,etorily
discriminated through the use of tvo aimple parame‘bers including the ratio of
radiance change in IIIMBUS SIRS channels 7 ( 678 cm ) and 8 {~ 669 cm l).’_

‘A nomogram is develo;ped for epeeify:l.ng wa.ming altitude and amplitud.e from
E obaemd :l:'adiance cha.ngea a.nd :Ls teeted during the Decem‘uer 1969 - Ja.nuary 1970

wn.rming event,

A distinct pe.ttern is revealed 1n the ratio of change in chennels 7 a.nd 8
'H:l.th decreesing ve.lues pole'ward for. the period 20-28 December and from the pole

to the North Atlantic in the next B-day period.

| . The ratio varies from more than 1.00 in the ‘ reer portion of the system
of lerge increa.se, to 1ees tha.n 0. 30 in the rorward part, On the ba.sie of the. -
Qui.roz model, this rat:l.o pattern together with the actual re.dia.nce increases
1n cha.nnel 8- impl:l.ea wa.rming of approximately 60°C centered near an altitude
of’25 km in the rear pcrtion, and of 70-80 c centered just above L0 km in the

forwa.rd port:l.on.
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”ﬁiNbrthern Hemisphere 10-mb (31 km) charts were available from the

:theNumerical Weather Frediction Unit Netional Weather Service, for 1200 GMT

}”;feadhudey‘in December 1969 and Jenuary 1970 These series of maps offer the

3_x?best cpper:unity to define meny of the SW characteristics in detail. Inas-

En?much eelthe warmings proceed from ebove, theee ¢charts can be used to .

ﬁtfdetermine the lateet dates at which the warminge gstart. Also, they probably
;:_51Ve tHe ‘best, infermation on the end of the warminge Flgure lﬁ-showeithc

fchart for 26 December 1969, the maximum warming center (2660K) is located

-dfyat 100 E and 57°N Figure 16 illustrates the mcvement of this center from

finf23 Decemher (lhOoE 50 N) te 30 December (90° E 60 N) Several other varm-
;1ng centers were also present at 10 mb during the same period but they were
not as intense. The circles on Fig. 16 indicate the 1ocaticn of werming
Jcenters at 2 mb (43 km) for 2u and 29 December 1969 It-is obv1oue thet_

.:the maximum Harmingtcenters,on theseldetee do not coincide‘at 10 mb and 2_mb.
o Fignre 17 ig a plot of the as,ny maximm temperature at 10 @b (31 M), |

‘occurring in the higher latitudes of the Northern Hemisphere. The maximum

: —'tempereturee on 21 December 1969 and 7 Jannary 1970 are the seme, as indi-

-cated by the straight line It appeare that the etart of the warming occurred.'
;:on about the 17 December and the end by the 5 of January at 31 km: altitude{
lThe dashed 1line on Fig. lT,indicating the maximum 2 mb- (%3 km) temperature,'
‘-‘gis ba e e d on 5 va.lues frem Fig 8-11 and Miller et e,l (1972) (111(1108,-.'-
,‘ted by crosses. on Fig.VIT) Tt appears that the highest maximum temperature
‘-dat 2 mb occurred on Dec. 27+ There was 1ittle change between 29 Dec 1969
'-w and 3 Jan. 1970, during the same period When the 10 mb max1mum temperatures

o are. decrea51ng markedly Although some of the difference occurring between ;‘



10 mb and 2 mb may be explained by the gearcity of 2 mb data, it is diffi-
cult to explain all the difference on this basis. Rather, it appears likely
that warming center locations (Fig. 16) and magnitude (Fig. 17) differ

considerably at the two altitudes for the same date.

Hence, it can be concluded frém é mb, 10 nm; and radiance data
 (Quiroz, 1971) that the maximum warming occurred between 26-29 December
. 1969 at aititudes 25-43 km, It is ﬁore.difficult to determine the start

or end of the warming. The warming certainly has started by 24 December,
although the 10 mb datae (Fig..lT) indicates that it could have started as
-early as 17 December. leewise, the end is difficult to pinpeoint, Figure
11 and Fig. ITindlcate that the warmlng had run its course by 14 Jan,

1970 at 2 mb; it definitely appears to end at 10 mb by 5 Jan. (Fig. 7).
Nothing can be stated concerning the sltitudes sbove 45 km.
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Gorrelatlon of Geophysica.l Indicee with 10-MB Temperature Increases,

' December 1969

Maxime in the daily flare ineex, BID's and x-rays are expected

to oceur on the same day as solar flares. .This is not necessarily true
of the 2800 MHz flux unless the EUV essccieted with the flare is verylstrong.
Likewiee, maxima of solar protona, Ap- Pet, and AE ehould occur mbout two
'daye lgter than a flare. Thie informetion msy glve clues that can be used
to distinguish among possible heating from the various solar effects. For
example, we should expect x-ray heating,to occur immediately after a solar
'flare, while proton heating would cccur approximately two days 1ater Also,

-ray heating (electromagnetic) should oceur on “the day51de of the earth
. only. Protons precipitate on both the day and night sides with a marked

preference for the aurarasl zones.

~ Teble % 1lists thelineices-vs. day of the month from ll-é? December
'1969 On iT Deeember,'the 10-mb (31 km)‘maximum tempersture was EEPK‘ it
‘ increased 10 degrees to 2h8ﬁ(on.the 18th of December and dropped down to
2&1"1( on 19 December . The warming center Wwas located near 35N, 20"E. Accord-
ing to Groves (19?0) , the average temperature at 35°N during December is
~ gbout 237°K, Assuming for the.moment that this marked temperatere-rise was

due to an extra terrestrial (leolar) cause,’ what -ie a possible ce,ndidate?

~Note in Teble & that en importance 3 solar flare occurred on.
1 December. This flare occurred at 0345 UT in McMath plage region 104TT.
| On this same day the de.lly flare index and solar x-rays (1-84) experienced

relative maxima of 115 and 9 x 10° -3 ergs cm -2 s-l, respectively. About
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- an hourly maximum of 1596 cm

“two days later (Dec, 16), the solar protons greater than 10 ME€ exhibited
| 241, Algo, relative maxima were exhibited on
16 December'for AP, Dst, and AE, On 17 December, an importance 2 flare occurred;
‘the daily flare -index was 457 or almost four times as high as on iu December.
. Also,an SID of importance 2 and soler x-ray maximum (26 x 1073 ergs cm-2s-l)
‘occurred on 17 December. The proton mexima; recurring at 2-3 day
interrals, are prcbably_dne to éﬁe earth's radiation belt.
Therefore, if the flare of December 17 was responsible for
the temperature maximum of 248K-'cccurring on the 1l8th of

December, the most llkely mechanism was heatlng of the atmosphere below 100 km
’be solar x-rays (1-84) occurring on 17 December. Table 5 indicates that
the x-rays on 17 December were more 1ntense and longer lasting than on 14 Decem-‘

‘ber. If thls were true then it took about a day for the heating between

60=100 km to reach the 10-mb surface at 31 km.

- If the heatingiis aseocrated wiﬁh the flare of 14 December, then the
AE'innex meximnm‘of 190 on.16.December indfcates that the most likely avenue
was Joule heating associated with the auroral electrojet near 100 km, The maximum
‘hoyrly value of the AE index (521) occurred on 16 December at 1700 UT.
The AE index was above the December 1969 monthly mean of 110, Tl percent of
Athe hours on December 16 (Table 6 ) Thus, if electroaet heatlng was the
- cause, it took about two days for the heating,to reach the lQ-mb eurface
at .31 km. One problem witn electrojet heeting is thet it isirestricted 1o
hiéher latitudes neer the auroral zone, at 1easf_initially.e However, tne

‘warming cemter on the 18 December was located near 35°N.
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The 10-mb (31 km) temperature (Table ‘% ) incremsed 10 degrees
from December 24 to December 25 and 5 degrees from December 25.torDeéember
26, reaching a maximum of 263X on December 26. On December 23, there were
maximalin x-rays, protons, A and AE. ALl maxims except the x-rays
evidently originated from the solar flare (importance 2) that odcurred on
21 December with a daily flare index maximum of 142, Tn this‘case, the
heating could have been caused by x-rays, or the electrojet, or 8
combination of these. Table 5 does not 1ndicate an especially strong flux
of x-rays on Decembér 23. On the other hand, the AE index was above normsl
_ 15 percent of the time on December 23 (Table 6),. about two daya before

the marked 10-mb temperature change of 10 degrees.
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The Stratospheric Warming of December 1970-January 1971

3

This meJor midwinter warming is & typical example of the so-called
“Enropean-type" warming. For the first time such an event could be followed
at"regmlar intervels at high gltitudes uﬁ to 42 km with avallable Nimbus 4
data. In April 1970, Nimbus 4 carried intefspace, in addition to SIRS B,
the seiective Chopper‘Rediometer, which megsures the thermal emission in
Belected'channela (Houghton and‘Smith, 1970). The radiometer hes slx
cnannels, each accepting infrared radiation emitted by carbon dioxide in

the’ atmosphere below the satellite at wavelengths of approximately 15 um.
;eThéu?eqietéoﬂ measured bY.Ehanﬁﬁl_Aroriginates in a layer approximately
20 km thick centered at the 2 mb (42 km) level, while that measured by
-chennel B originates in e layerfof_edmilar thickness centered at 20 mb
(26‘km). Figs, 18a and c are nortnern hemisphere maps of channel A radiance,
-while Figs.18b and d are northerp-nemiéﬁhere,mapg of chamnel B radiance
.cﬁérnétt‘et al , 1971). Table A.givee'the-black nody temperature equi-
valent to infrared radlance for channels A and B. The interpretatibn in
| t. rme of atmospheric temperature is explained 1n ElllS et al, (1970), as
.r'a rough guide it. may be considered that thegse temperatures are those oceurr-
\ .ing 1n the region of the 2mb and 20 mb levels,respectively |
rr‘Fige.lﬂeﬁand't shbw"the:eituatien on December 30; 1970:‘ anchannel_
A (Fig;lﬁa), e warm region-with a.meximum.radiance of 95mw/m2—sr-cm*1
. waa developing at u5 °x 65 E; 3 days earlier this warm region had been at
25 N 20°E with g maximum radiance of 85 mW/m -8r-cm -1 A correspond-

' ing warm region was present on charmel B (Fig 18b) with a maximum at 35° N

50 E implying a northward +ilt of the warm anomaly
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Table A

o Equivalent Tempersture as a Function of -

Radiance for a Black Body
Nimbus 4t Selective Chopper Radiometer

Radiance mW me-ar-cmfl o Eguivalent tempersture CK)
30 | 201.0
40 | - 213.7
50 =

60 , 234.5
ke o 243.6
80 ' 251.9
.90 . . L 259.8
100 | : 267.2
110 S o 2142
120 - 281.0

By January u;_lgfl,-a great change had occurtéd in‘the tempefature
distributions observed bylboth-channels The -warm ares descrlbed above
had inten81fied and at the 2 mb level (Fig. l8c) had moved north to 70 °N
'90%E with a radiance at the cemter of 120 mW/ul-sr-cm™L. At this time
the dlfference in equivalent temperature near the 2 mb 1evel between the
hottest and coldest region Was more than 60 K The whole-northern hemi gphere
was domlnated by & wave number one pgttern‘with little centribution from the
‘higher wave euﬁbere appafent oh,Deeember~30.: The pattern was siuilaf'at
~the 20 mb level, but the amplitude of wave number one was less and the phase
ie about 25 farther eastWard This 1mplies a Westward t1lt of the warm
anomsy of 1.5 longitude per ku height. Subsequently, the warm region in-
creagsed little in intensity, but moved Weetward On January 9, the warm
region had moved to 75 °N 40 E with a westward slope of 3° 1ong1tude/km,__
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thereafter the warmrregion at the 2mb level moved farther westward and

decayed in intensity.

On channel A on December 30 (Fig. 18a), there was a warm reglon at 65°N
120°E and a corresponding warm region on channel B (Fig. 18b) at 65°N 170°E;
this was what remained of a warming which had a maximum intensity on Decem-
ber 26 at TOON.125OE at the 2 mb level. On December 30 this warm anomaly had
a westward tilt of 3° longitude/km  while the cold anomaly over Worth Americs
had a westward tilt qf approximately 4.50 longitude/km. By January 2,

_ this warm anomaly had disappeared.

The increase of amplitude of the warming and the westward phase tilt
w1th height are to be expected if temperature varlatlons are caused by up—

ward propagating planetary waves (Dicklnson, 1968).

The Nimbué SIRS instrument was desdribéd in the section confaihing

the Stratospheric Warming of December 1969-Janua£y 1970.'.Labitzke {1972}

uses both the SCR and SIRS data to describe the warming of December‘i970—

January 1971. The set of maps in Fig.19 shows the intense development

over Asia on 6 and 7 January 1971. 1In Fig;léa¢ the 30-mb temperatures

are compared with the radiances of cﬁannel 8 of S8TIRS. The norﬁhwestwa?d.
'-dispiacament of-highest'radi&nges from the warm region of thejﬁleutian high

is very-prOnounced indicating‘a‘strong developmeht in the ﬁpper-stratosphere,.

since conditions in the lower stratosphere (100 and 50 mh) are known to be
,similar to those at 30 mb The lowest radlances are also found somewhat

west of the cold pole. The pronounced Wavenumber 1 should be noted.
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On 6 Jamary (Fig.lgb),the higﬁest radiances of channel A have
'reﬁbheq polar latitudes and ere found west of the center of warmest air
at the 45-km.level, though ﬁhis, of course, can be gtated only tentativeiy
because of the few rbckgt obgervations. Comparing the position of therlowest
‘ femperatureé viﬁh the lowest radiances, we note that the distribution is not
“the same as in early winter and that it differs from that of the lower strato-
 sphere.in Fig..léa. The center of lqwest radiances in Fig. 19b is found east
5_bf_the lowegt”tempefétures which reflects an eastward tilt with height of the
- axis of the cold pole. This agrees with the temperatures at 60 km (Fig. 19c),

flﬁhgre one part of the cold pole is found over the Barents Sea.

The axis of warmest éir slopes‘with height aérdss the polar fegion and
gt the 60 km level (Fig. 19c), it is found over Canada, right above the cold
pole of the upper stratosphere. Cooling took place at 60 km over Asxa,
.'Europe and Alaska;, i.e., above the intense‘warming~érea ﬁheré the strétbpause
~ descended tolabout L0 km; and‘the northerly winqé aver Caﬁada gnd Alaskas .
‘indicate that the Aleutian high moved toward ﬁorthefn Siberia, ddminating
.thefcirculation,over the whole ﬁrct?c, wﬁile the cén%er.of.the.polar vortex

was displaced toward Iceland.

 Fig.20 1is a plot (solld llne) of the daily max 1 mum temperature at 10 mb
(31 km) occurrlng at the higher latitudes in the Northern Hem;sPhere from
15 December‘lQTO to 2h January 1971, derlved fromlNWP maps. The dashed 11ne
connects the daily zonal meéﬁs of;channel A of the SCR on Nimbﬁs'ﬁ converted
into equiﬁélent blackbody temperatures for sn average value for 600 and SQD

N. latitude. (Labitzke and Barnett, 1973) This represents the best estimate
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available of the high latitude temperature at-2 mb (43 km). From Fig. 20,
the 2-mb temperature is greater than the 10-mb temﬁeraturerfrqm op Deé; %d

to 24 Jan. 71. "The 2-mb temperature riges continucusly from 17 December to 27
December, Both the 10- and 2 -mb temperatures show maxima near 28 Dec. 70

and 10 Jan. 71. The 10-mb curve indicates strong maxima at L, 8, and 11

Jan. Tl; the smoother 2-mb curve does not indicate these peaks. Héwever,

this is not surprising in view of the type of averaging employed (zonal

averaging). Evidently, the start of the warming is 17 December.

_ Fig. 21 shows the location of the warming centers (maximum temperatures) -
at 3-day intervals on the 10-mb (31 km) NWP Unit charts for 1-13 Januafy
1971; The crosses indicate the locétion; the dates ére beneath the crosses.
Two main centers afé apparent on January 1 at widely separated locations: Qﬁe
center near k0° N, the other néar 60°N. These centers merge near 80°N by 13

January.

The Decenber 1970 - January 19Tl‘warmiﬁg represents the first occasion
‘in which it is poesible to determine in some detail the three dimensioual |
structure of a stratospheric ﬁarming u? to 60 km. The period seleéted
{(Jan. 6-T, 1971) is near tﬁe middle of the major warming intérval '(Eig; 20). .
Nﬁrthern hemisphere‘iéothérm patterns Weretdefivéa at every S'km‘from 25 |
to'6o km by using the mapé of Fig. 19 (Labitzke, 1972) and'the'tempefafﬁre
' pfofiles:in Fig. 22 for January at 30°N, 50°N, and TO°N {Groves, l970j.‘
The dashed_curve in Fig.22 represents thé warmingrprofile for. January 6;
1971 at 60°N, derived from the ﬁ:ap_s in Fig; 19 and the 10-mb WWP Unit chart..
Hence, the 25-60 km maps were derived by gﬁaphicél addition and subtraction,
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using Fig. 19 and extrapclation, using Fig. ‘22,‘the solid curves of Fig,
22 for the cold low arcas and the dashed curve for the warming ureas.
Fig. 23 shows the location ﬁf the centers of the BT Breas (crossesn)

and cold areas (circles) from 25-60 km on 6 Jan. 7l. The altitude in
kilometers is indicated below the circles and crosses. The closed cold
isotherm center appears at all altitudes from 25~60 km, while the warm
center appears only between 30-50 km. The cold centery has a decidéd slope
with increasing altitude, while the warm center has only a slight slopé.

In additisn to these two features, theré was another warm center from
_35-55 km located near 25°N, 240°E, which was about 5 degrees warmer at
the same altitude, from 40-50 km?tha1the higher-latitude warm center (Table
Ty The 10-mb NWP Unit charts were not used in this analysis in orderi
to maintain internal consistency. The twoltriangles on Fig.23 indicate

the location of two warm centers appearing on the 10-mb (31 km) chart; the’

square indicates the 10-mb low center position.

Althdugh the informﬁtion in Table 7 is useful, perhaps a more meaning-
ful way of depicting the Déceﬂbef leO-January 1971 stratospheric ﬁarming
is'to find those areas of the atmosphere where the temperéture differed
from normal and‘thg magnitude of the difference. Inrérder to accomplish_
this, ﬁhéf"hormal"_sifuﬁfion must be defined first. To do thié, mean
monthly 10-mb and S-mb maps for January 1966 (Labitzke, 1968) were used
inasﬁuch as nolmajor warming occurred during this month. At 60 km, the
map for 27 January 1971 in\Fig.-lOc of Labitzke QlQTE) was used since the
warmning has ﬁisappeared by this date and the temperature field has returned

4o normal. The maps at every 5‘kilometers from 25-60 km were deri%ed by
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graphical addition, subtraction and extrapolation in the same wéy as
the "warming" mapé above. Finally, témperature change maps were derived
at every 5 kilometers from 25-60 km and 5 degrée isotherm intervals by
graphically subtracfing at each altitude the "normal" ﬁap from the
"warming” map. Fig. 24 ghows the temperature change map at 25 km for
6 January 1971. Table 8 displays the location above hoo N ol the_tempera-
. ture change ceﬁters at every 5 km from 25-60 km. The maximum iﬁcrease
(+45°) oceurs from 40-50 km near 80° N between T0-125" E. There are two
tEmperaturé increase centers at 35 km and 55 km. - There is only one Lempera-
_____ Flg. 25
indicates the location of the centers on a Northern Hemisphere map, where
a cross denotes a center of temperature increase and a circle is a center
of temperature decrease. A comparison with Fig.23 points out that a
meximum temperature increase or decrease 1s not located at the same place
as é warm or c¢old center. However, evidently tﬁerg ls scme correlétion;u
fér example, the movement of the temperature Qedreasé center froﬁ 50-60
km (Fig. 25 ) appears to be related to the movement of the colri center
(Fig. £3). Fig. 26 is a plot illustrating how the maximum + AT changes
with altitude at the same location (78° N 70° E; Table 8). The data points,
selected from the AT charts from 25-60 km, are fitﬁed with two sfraight‘ |
" lines meeting at~§5 km. Fig.:?rshows'how the gradient of + AT varies
from the center at 78° N 70° E along the 70° E meridian. The gradient'.
can be represented by twp straight lines fitted ﬁo data point§ seléctedf
.from the 45 km AT chart. One line indicates é constant Aﬂ?bf_hsck,from

78° N to 66° N. The other line shows that AT decreases linearly to 28° W.
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Correlation of Geophyslical Indices, December 1970-January 1971

Highlights for 08-15 December 1970: Nineteen events of class M or - .

greater were observed during the past seven days - fourteen small classg M:
(class M3 or less), one each of class M5, M7, and M8, and two class Xi.

In addition, e minor proton enhancement and a ma jor geomagﬁetic storm weré
cbserved. McMath regions 073 (N1SWSH, L =034} and O77 (§iowly, L = 357,
includes region 079 which was combined with 077 on 14 December) accounted

for 15 of the events. Reglon O77 produced the following major events - class
M5 imp IN at 09/0758Z with minor radio frequencylemiséidn and éignificant
iSnosphefic disturbances; class Xi imp 1B at ll/lOiGZ with g:63O flux unit

- 5ﬁr§t ;t Efob-Mﬁé aﬁd sigﬁificaﬁ£ Sfﬁg.-ciﬁégukirimﬁ éﬁ.aéllé/68562 wifﬁ ﬁiﬁorr
radio eﬁission and mgJjor 8ID; and élass Mf imp Sn at 12/23482 with minor
radio emission and ﬁodéfate SID, ‘Region 073 proddced fhe class M8 imp_EN

event near N16WOO at 11/2215%.

Highlights for the period 16-22 December 1970: Only three events of

VM'intensity have been reported the past seven days:

18/01187 M1 No optical counterpart
C22/12457 M6 Optically 1B, N2owWuh
. 22/1516% M5 Optically 1B, NebWhh. Accompanying

10 cm burst of the order of ‘100- flux units.

- In addition, a major radio burst with no optical countérpart was observed by
three different observatories at 17/0549Z." The peak flux values at 21 and
11l cm as observed at Carnarvon, Australia were 249 and 5300 flux units,

respectively. Mofeovef, Soirad-9 obgerved no x-ray burst corresponding‘to
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this radio burst. Both energetic flares on 22 December arose within McMath
region 084._ Ihe agsociated spot group made its initial appesrance onAlg
December near N2, L = 290 and grev rapidly to a type/area D/180 by 19
December. Another spot group within McMath plage 0B: attained a class/area
of D/49O but produced no energetic events. Proton‘counting ratés near earth

have remained at background.

It was shown (Fig. 20 ) that the 2-mb zonsl temperature rose contin-
uoﬁsiy from 17-27 December. From this, it was estimated that the warming
started ﬁbout 17 December 1970, Table 9 presents the indices vg. déte
- from 8-24 December 1970. The eolar proton maxims are due to electrons
from the earth's radiation belt. The only.solar'flaré of impdrtance
2 or greater during this period was on 11 December, 2215 UT. This flare %as-
accompanied by a major radio burst of 1020 flux units at 2700 MHz‘aﬁd |
'moderate SID; The'AIS-l satellite_obsérﬁed a proton enhéncement with a
gfadﬁal beginning at about 12/0500Z. The 21-70 Mev energy‘rahge peaked at-
two partlcles per sq cm per sec (about four times background) near 12/17OOZ
Pesks occurred in the 5-21 Mev flux (250) Nighttime absorption of 0.6 db
was observed on the Thule 30 MHz riometer,  The 1u/oeooz peak In the lower
-energy particle flux had a very sharp onset and rapid decay and coineided with

a geomagnetic sudden commencemeht af 14./0156Z.,
In Table 9, on 12 December there were maxima ' in’ the daily flare index,

snlar x-rays, and 2800 MHz solar flux. On w December a magnetlc storm '

occurred. On this day, there were very pronounced maxims in A » Dst, and AE,
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If the start of the warming wae associated with the flare of 11 December,
then the large AE maximum of 416 on 14 December indicates that the most
likely avenue was Joule heating associated with the aurcral electrojel near
100 km. The maximum hour value of the AE index (527) occurred on 14 Decem~
ber at 2300 UT. The AR index was above the December 1970 monthly mean of 134,
91 percent of the hours on 14 December and T5 percent of the hours on 15
December. Thus, if electrojet heatlng were the cause, 1t took asbout two days
to reach the 2-mb surface near 43 km. The gtart of the warming at 10-mb

1s estimated to be 18 December. The daiiy 10-mb NWP charts for Decemher 1970
plainly indicate that a small 243 K isotherm center located at 42N 215E on

~18 Decémber expanded greatly as it moved North tC)60°N so that it covered

most of Biberia on 27 December.

Highlights for the period 23;29 December,197o;g Solar activity was
at an extremely'lcw level ehroughoﬁf the fast seven deys. One claserﬁ west
limb event was observed from McMath regien\OBu'(NIB L = 290) at 26/0840%.
Although the x-ray Bﬁrst was of.M5 intensity 1ts totai'dufafion'wes oﬁl& about
10 ﬁinutes The associated radio burst was about 75 flux unlts at 2700 MHz.
A minor sudden ionospheric dlsturbance was reported. A small satellite level
proton enhancement began at 24/07&OZ; The peak fluxes cbgerved by ATsfl‘-
occurred at 24/2200Z and were of the order of 40 (5-21 Mev) and eight”(El-TO
: Mev) paxficles-pergsq'cm per sec.- The specific cause of this proton eﬁhance¥
ment-is cnknown; the nearest energetic events were the class MG (22/1516Z)
and M6 (22/12H5Z) events ‘near N2 in region 084 The partlcle enhancement
may have resulted from coronal storage of particles energized by the above
events or from sn event behind the west limb, The fluxes ere'still very
slightly enﬁenced as of 29/1700Z; The geomsgnetic field was relafiveiy

quiet throughout the period.
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Highlights for the pexiod 30 December 1970-05”January 1971: No

" energetic flares were observed'during the T-day period. On the axeragé 6
small reglons were visible each day; n& one disk feature excéeded 200
iﬂIUﬂnths in area. A sector-like magnetic disturbance began about 02704457
followed by a 120 gamms bay roughly 4 hours later. WNo sudden commencement
marked the storm's onset, however, the cosrotating proton stream was detected

by ATS-1.

.Higplights for the period 06-12 January 1971: Solar activity continued |
__at_a very.low level with an average of only ten sﬁbflares per day. The most
enérgetie event.was-a ;iéss:ﬂi subnbrmél flare at lO/iTEBZ in McMath region
111 (souw32, L=003). This region dominated the solar disk throughout thé week
with a large (fVBOO millionths) but magnetically simple sunspot group, It

‘was probably the source of & 20-200 MHz radio nolse storm which hag been in

progress since 0T Janﬁary. The geomagnetic field was also very quiet.

Tablé lO lists the indices vs. day.of.fhe'mbnth ffom 25 December 19?0
to 10 January 1971.! The E-W and WN-5 average daily wind components in the
“‘meteor region sbove College, Alaska (Hook, 1972) are presenfed'at the béttom
of the table. A significant change in pfevailing winds at the T5-100 km level
at College was observed by Hook during.this warming. These winds for the
upper mesosphere_and lOWer'thermosphere were derived from radar Measuremehts
of the-drift of meteor trails. The nofmﬁl prevailing wind at College in the 
vind is eastward and usually poleward, During the stratospheric warming,
both the meridional and zonal prevailing flow reverged from about‘DeéeMbér

31 torJanuany 7, as indicated by the minus velues in Table 10, A reversal
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in the wind was'net,evident at 130 km. Hence, the upper limit of the clrcu- |
-lation breakdown does not appear to have extended above approximately

100 km at College for this werming event. This wind dats by Hook is impor-
tant because it indicates for the first time the vertical extent of a fully
developed stratospheric warming. The highest map of Figﬁre 19 goes up to

60 km; the Hook wind date extends the warming effect upward another 40 km.

Hook (1972) defines the warming by'means of a Temperature Index
Parameter (TIP), which indicates the mean temperature gradient from the pole
to 60°N,and a circulation index, called the Height Index Parameter (HIP),
at 60°N (Johnson et al., 1969). Hook comcludes that ine warming,
indicated by the minus wind components, started epproximately 10 days
before the warming at tﬁe 10-mh level, indicated by plus values of TIP
estarting about 10 Jénuany From this, he etates that the cifculation break-
- down during this Warmlng affected the meteor region,before it affected the
mldnstr&tospherlc level. However, the dalily 10-mb maximum temperatures in
Table 10 indicates a minor peak in the warming on 27-28 December. The
2-mb zonal temperature ha.s maxima on theee same days. Based on this, some
. warnming apparently occurred Eefofe the wind‘reversgl pointed out by Heok.

" Thus, Hook' s conclusion fﬁat the Werming affeeted the meteor region before

the mid—stratosﬁhere is questionable. Also, the value of TIP and CIP is
questionahle for 1nd1cat1ng the start of a stratospherlc warming, As

pointed out prev1ously, the dally lO-mb NWP charts for December 1970 plainly
1ndicate that 2 small 243°K {sotherm center located at ha2n 225E on 18'December
expanded greatly as it moved north to 60N so that it covered most of Siberia

on 27 December. It is not easy to pinpoint the start of the warmlng, but
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it was indicated previously from 2-mb data that it started near 17 December

(Figure 20).

No flare of importance 2 or greater occurred during the period covered
in Teble 10. The dally flare indices were all below 85. The low
level of solar activity 1s also exhibited in the amall solar x-ray flux. The
2800 MHz solar flux, representing thefEUV,-varied in a fairly regular manmer,
The solar proton maxima occur at regular intervals, indicsting the influence
of the tragping region. The maxima in AP’ Det, and AE on December 28 geem
to have little influence on the 2-mb and 10-mb temperature maxima‘of the same
date, inasmuch as these Iéifef maxima did nbt'change from™the previous day.
Both temperaturés decrease from 28 to 29 December. Table 10 indicates that
- nothing occurred on 25 or 26 December that could result in the temperature
maxims on 27728‘D90ember. Table 9 shows on 22 December an SID wifh'impof-
tance of £ and maxims in the daily flare index and solar x-rays; On 24
December, a "diéturbed"day, 8 small solar proton emhancement was observed.
Also, maxims occur in-A?, Dst, and AE,  Since tﬁe 25mb'témperatﬁfe exhibited
-8, 3-degree increase from 25 fo 26 Dgcember, and the.lo-mb tempergture shoﬁed
" a S5-degree inérease from.26 to 27 December, elecfrojet heating is not ruled

out as the cause for the minor warming peak on 27-28 December.

Table A0 (including Hook' sr_Wirid-dsjte.a,)- shoﬁ-that the stratosphefic"
;'warming involved the whole stmosphere from QEOut 30 ¥m (;O-mb) to 100 Jm

from sbout 31_Dééember 1970 to 9 January-iéTl. Althoﬁgh it 1g not possible
to seek a trigger mechﬁnism during this'period, 1t is possible to‘look for

enhancements. For example, the 10-mb charts show maximum temperatures.on b,
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8, and 11 January 1971. On the other hand, the 2-mb zonsal temperstures
indicate & falrly steady rise from 243%K on 31 December to a maximum of
268°%K on 10 Januery. Therefore, no clues based on enchancement are to
be sought here, Unfoftunately, the AFE index was not gvellable for January

1971, so no check could be made on the possible effect of Joule heating,
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2. CORRELATIONS BETWEEN GECPHYSICAL INDICES AND STRATOSPHERIC WARMINGS

A statistical analysis was made to compare averasge values of the
indices for warming and nonwarming days with that for total days consideréd.
Also, comparisons were made with averége values of the indices for O to 4
days preceding the date of start of wermings, and date of ma jor and minor
warming peaks. The daily flare index was not lncluded because it wes not
ﬁvailable in April - August 1969. Also, the 2800 MHz solar fqu index was
left out, gince the He IT index is‘a more accurate index for EUV. The
: following-dates were selected as the start and end of the warmings 1969-1971:
15 April - 10 May 1969
3 Julsr Q -El-lJl-ilny: 1969'-

1 August - 11 August 1969
11 Aﬁga‘st - 19 August 1969
17 December 1969 - 4 January 1970

17 December 1970 - 21 Jahuary 1971.

The AE Index

AE indices:were selected during thelabqveIWarming'months; There
were 98 "warming" days and l34_fnonwarming" days,' AR éverages for both
warming and‘nonwarmihg days‘did not differ significantly. Table 11 dis-
-plays the AE index versus the elapsed days from start.of the_warmings above,'
- for up to 4 days preceding‘the warming. Thé April - May l969lwarming:was

not included inssmuch as the start time could ﬁot be determined aéeﬁrately.-



" In all five cases, AE had a large maximum one to three days preceding
the start of the warming. Table 12 shows the relstive variation of AR
from the average value of each 5~day period ve. elapsed days from start of
warming. There is marked variation in the day-by-day values of AE in the:
days immédiately‘preceding the start of the warmings. The aversge vﬁlue of
AE for the two days preceding the start of all wermings was 46 percent above
the averages for the five-day intervals considered; it was 37 percent below
averagé on the day the warmings étarted. The relative AE variationsrare
even g?eater for all individual warmings, ekcept_for that starting 11 August
11969. The others show variations ranglng from 59 percent to 183 percent
-&JOVG gverage at 1- 3 days preceding the start of the warmings. It is not
unusual to find variations of the fype indicated in Tgble 12 during any
'fiveaday interval. waever,'it mgy be significant that the deily variations
line up in the fashion described, where on O day, all AE indices are below
normal, the -1 aay, one is below normgl, the -2 day;‘none, -3 day, three aré

below normal, and the -4 day, four are below normal.

The relationghip of the AR index to warming was explored further wiih
- regard to the major and minor Warming peaks. Table 13 exhibits the AE
index vs. elapsed days from date of ten ma jor warming peaks The AE rela-
‘tive maximg are marked with an ggterigk. It is noted that there'afe twice
as many relstive maxima on either ol and~2 as on 0 and -3 days. The
average AE value is a maximum at -2 days (222) The Grand AE average (198)
N is 14 percent above normal. Table 14 shows the AE index va. elapsed days'
from date of lé minor warming peaks. Agaln, as in Table 13 , the ﬁaiimum

~AE avarage'oceurs at -2 days. Over twice as many relative maximg in AE oceur



on -2 day as on either O or -4 days. The aversge AE (149) for O-4 days
- preceding minor warming peaks 1s below normal. Im Tsble 13, the gverage
AR for O-4 days (total 50 deys) preceding major peaks (198} is one-third
higher than the same average for the minor peaks (total 60 days). This
may be gignificant since it wag found previously.that there Was‘no signifi-

cant different between the AE average for warming days versus nonwarming

days{

Solar'X;Raja

The everage maximum hourly value (24 hour interval) of the 1-84
golar x~ray flux is 7.9 x 10 -3 ergs cm 28 l. The aﬂerage'value is less
"during the 119 warming days than during the 144 noﬁwarming days. Table 15
shows the XYy flux values versus elapsed days from starf of warmiﬁg.
rThe average flux occurring during days 0 to -4 is less than average. The
gverasge flux il greater than average on day 0; ' also, there are three
relative ma.xima. Tables 26 and’ 17 exhibit the solar x-ray flux vs. elapsed
days from date of major and minor warming peaks, respectively. In.both
tebles, the average x-ray flux occurring O to‘u- days preceding ﬂajof and
minof péaks is below average. Nothing unusual is noted in the distribution

of the relative maxima.

. Solar Flares

Forty percent of the flares of importance 2 or greater out of g total
of‘69 oceurred during warmlng days Since 45 percent of the totgl days

con51dered (total 264) were warming days, apparently, there is no signlflcant

II-32



difference in the occurrence of flares (importance =z 2) between warming
‘and nonwarming days. Only 2 out of 10 importance 3 flares 0ccqrrgdHQuripg

warming days.

Teble 18 displays the solar flare importarce (2 or 3) versus elspsed
days from start of werming. The number of flares occurring O to i5'
days preceding the start of the warming is not significaﬁtly diffefenti
ffom the average, However, in 2'outrof 5 cﬁses,'flares of importance 3
oceurred ﬁt -3 days. Tebles 19 and 20 show the solar flare importance
_versus”glapsed_days from dates of major and minor warming peéké, respec-
tively. In both tables, the anﬁé: of flares éc&ﬁr}iﬁg'o to 5 days precéding
mg jor and minor peaks sre not significantly different from the average.

Nothing unusual is noted in the flare distribution.

The AP Iﬁdex.t : B
The average. value of Ap fof the interval considered (264 days) was 10.0.
The.average (é.o) for 119 warming days is lessrthan the average (10.8) for
“the lh5‘nonwarmiqg days.' Table 21 shows the Ap_indices vs. elapsed days' _.
froﬁ startrof warming. Above average values of Ap ocewr at -2 and -3 dayg.
A1l the relative maxima of AP occur at -1 to-—3 days. The averége Ap for 0
‘to 4 days preceding the start of thg warmings iz below norﬁal, Tgbies 22 .
and 23 exhibit Ap vs. elapsed &ayé from date of major and minor Wafmigg
peaks, respectively. The average A for O to 4 days preceding the pééks:is-
below mormal in both tebles. Both tables show a relative maximum at -2 days.
This ma#imum is above normal (28 péfcent) forimajbr peaks and below normal
~ for minor peaks. - |
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The b Index
st

‘Figure 3 (Part I) 'sr;ow's' the relationship betveen D_, ard AE. The
main feature to be noted ig that the main phase of a magnetic storm has

high positive AE values but large negative D values. Hence, in the

following analysis, "maxima” in D are taken to be the largest negative
values. The average'Dg index (261 days) 1s -0.6. The average for 119
warming_ﬁays (+0.7) is below normal; the average for 142 nonwarmihg_days
(;2.2) is sbove normal. Teble 24'dis§lays the D_, index vs. elaﬁsed deys

from start of warming. DS£ ie above normal at -1 to -3 days. The relative

= "maximum” is at -1 days. The average from O to 4 days precedlng the start

: of warming is beioe normgl in % out 5 cases\ Tables 25 and 26 show the. elapsed
deyslfrom date of major and minor beaks; respectively. Both-tables show

that the average D st 0 te 4 days preCeding the peaks is below normal. The

relatlve maximum in Table 25, major peaks, oeeurs at —2 days, whille it oceours

at »3 days, Table 26, | mlnor peaks

The He II Index

This index, representing the 3044 solar flux, is a more accurate

'.indication of the EUV upper-atmosphere heating than’ the 2800 MHz solar

flux (Anderson, 1965). However, it is available only for the months of
April - August 1969. Duriﬁg;this.period, the He IT index ranged from 68 o
.96 ﬁhotdns em'e s‘? x iOB. There wae eo significant difference befween the’
average for the 64 warm days (85 8) and the average for the 75 nonwarm
days (8h.3). The average for all days eonsidered was 84. 9 In. Table 27,

He II index va. elapeed days from start of warming, the relatlve maximum
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- oceurs at O‘days. The average He II index for O to 4 days preceding the

-._stm of the ﬁaxming'is 80, a below-normal value. Tables 28 and 29 "exhibit
thé He IT index vs. elepsed days from date of major and minor warming peaks,
respectively. 1In both tables, thé averege of the He IT index for O to 4 7

deys preceding the pesks is close to normal.

Solar Protons (greater ‘than 10 Mev). SN

Every three to four days é large maximumn apﬁeafs in the solar proton
flux, evidently due to passagé 6f the meésuring éﬁacecraft_through the radis-
| tion Delt (see, for example, Table [10). Mherefore, it 1s neaningless to
#tfempt to analyze the proton flux like, say, the x-ray flux (Téble 15).
erwever; s check was made to try f6 find any influénce, if any; of the
radiation belt paiticles on stratﬁépheric warmings (start, majgr'and minér

peaks)., None was found.
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The 87D Index

An equal number (24) of warming and nonwarming days were associated
with an SID index of 2~ or grester.. Nineteen percent of the days had an. SID
C 2= or greater. Table 30 shows the SID index vs. elapsed days from start of
warming. -Twenty percent of the days O to 4 days preceding the start of
Wnrming had an SID 2- or greater; hence, there 1s nothing unusual about

thig distribution.

Tables 31 and 32 display the SID index vs..elapsed days from date

_ of major and minor warming pesks, respectively. InTable 51, only 9 per-
cent of the'days O to 4 days preceding the date of mejor warming peaks have
an SID index of 2~ or greater..'In Table 32 28 pereent of the daye ‘have
such‘an index. Consequently, about three times as many SID indices 2- or
greater are found 1n the 0 to & days preceding minor warming peaks than in

the same perlod for ma, jor warming peaks

"dagnetlc Condition

A magnetically—disturbed day is. denoted by the 1ndlces D (dlsturbed)
or S (princ1pal magnetlc storm) Nineteen percent of the warmlng deys had
a D or 8 index, while 19 percent of the nonwarming days had such an index,
4N1neteen percent of the days considered (253) had elther aDor's index.
Table 33 shows ‘the magnetlc condition index vs. elapsed days from start of
warming. The number of dlsturbed days ig ebout average. Tables 34 and 35
exhibit the magnetlc 1ndex vs._elapsed days from dates of maJor and minor

warmlng peaks, respectlvely The number of days in both tables hav1ng a

I1-36



magnetic index O to 4 days'preceding a peak is lT percent, or almoet
average. In Table 35, 91 percent of the days having an index occur within

2 days preceding the minor warming pesk.

Sommary
' The preceding analysis indicated no strong cerrelation of solar flares,
SID, x-rays, He II and magnetic condition with stratospherie warmingsr
However, some definite correlations with stratogpheric warmings were in-

dicated for the magnetic indices AE, Ap and D These magnetic indices

st’
?‘aré correlated somewhat with each other; for example, the Ap index
centains contributions from at leest two ma jor sources, the auroral
electrojet:(AE) and the ring current (Dst)' (SeerFigure 3, Part I and
Figure 2a, b, Coffey and Lincoln, 1973.) (These indices are described -

in greater detsil in Part I.)

Tsble 36 summarizes the statistical:iﬁformation concerning AE, A'

and'Dst. Tt shows the average value of the 1nd1ces vs._warming, non-warmlng'
days, total days, and for 0-4 days preceding the start of warming, maJor
warmlng peaks and minor warming peaks. The symbols in parentheses after

" the averages refer to whether or not - the index avarage ils above—normal

‘(A), belowhnormal (B), or normal {N).
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In Table 36, there is no .significa.nt difference between the AE index
e,vefége_ for warming days and nonwarming days. Although the average AE for
0 to 4 days preceding the start of warming is 24 percent below normal in all
5 cases considered, AE has a 1a.rge ma.:d.nn:nn 1-3 days preceding the start of warming
renging from 20 percent to 100 percent above aversge. The average AE for all
- cases et 2 days preceding the et_art of warming is 46 percent above normal,
vhile at O and -4 days it is '37'per.cent below normal and 24 percent below
_normal, respectively. The average AE_fcr 0 to deys preceding 10 major wanning
peaks 1s 1k percent above nomal The maxim a.Verege AE is at 2 days preceding
the major peaks, where :lt ia 27 percent above norma.l " The average AE for O to
k4 days preceding 12 minor wa.ming pea.ks 15 15 percent below normal. The maximum

a.verage AE ip 8t 2 da.ys preceding the minor pesks.

| Although the average "A_Pf fcrd to 4 days preceding the start of wa.rming is
13 percent below normal (‘Ta.ble 36), the av,érege values at 2 and 3 days preceding
the start of varming are 20 percent and T0 percent a.'bOVE norma.l reapectively.
~ The a.verage A for warming daye is lower tha.n for nonverming days. The average
" A at 0 and 1& days are 66 percent below normal and 54 percent. below normal, :
respectively. The average Ap for O to 4 days preceding 13 major pesks is 9
‘percent 'below normal. The ma.:d.nnm a.verage AP is at 2 days preceding the ma.jcr o
‘peaks 3 where :I.t 18 28 percent a.bove normal.. ‘I‘he average Ap preceding 13 minor
werming peaks is a7 percent helow norma.l The ma:d.mnn average A is at 2 days

‘ preceding the minor peaka.
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In Teble 36, the average D, for varming days is lower then for nonwarming

t
daﬁslz The aversge D . for O to b days preceding the start of the warming is
"below" normal for % out of the 5 ceses considered. The average D, is "above"
normal st 1 to 3 days preceding the start of warming, with the makimum average
at ~1 dey. The average D_, for O to 4 days preceding both the major and mindr
warning peaks is below normal. The maximum aeverage velue occurs at -2 days for

_maabr peakd and -3 days for minor peeks.

‘Thus, there appears to be a significénf felationship.between the AE inde* _
1-3 days preceding the Qata of the start of the warmings and dates of the major
and minor warming pesks. The relationship ié strongest for start of-the warmings
and weskest for minor warming péaka. The'analysia of the AP index ;esultﬁ in
the samé conelusion. The enalysis of the Dst,iﬁdex doeé not give as strong
results. It is of interest to note that none of the indices in‘Te.blé 36 had

above~normal. averages for warming days.
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3. DISCUSSION AND CONCLUSIONS

: Five different stratospheric warmings,rthree different associated
phenomena (start, major and minor peaks) and three different magnetic
indieos‘all-indicate the same thing; namely, the average value of the
maénetic indices (AE, Ap, Dst).nisplay a marked increase l-tolﬁ days before
the warming phenomena'and‘a marked:ﬂeerease at 0 and -l days. Although the
temperature of the thermosPhere above 100 km 1s definitely enhanced durlng
magnetic storms (Anderson, 1973), no direct ev1dence has been presented
that the meSOSphere and lower atmosphere is affected. BStatistical studies
" have established tnat“oorrelations exist between lower atmospherie‘behavlor
‘and variations in the intensity oftgeomegnetic fluctuations (Shapiro,'l972;
Roberts and Olson, 1973,{ Wilcox et al., 1973). King (197L), based on a
comparison between meteorologieal-pressuresrandltne strength of the geo- .
_‘magnetic field, suggests a possible influence of the Earth's.magnetie'
.fmeld on the height of the 500 mb level in reglons surroundlng the magnetlc
- poles.: These statlstloal studles have 1nd1cated that 1nd1rect correlatlons
_exist'between magnetac varlatlons and lower atmosphere circulation.

HoweVer no dlrect {cause and effect) correlations can be established
unless a physical theory is advanced to explain how the oonnectlons work.

Hines (1973) p01nts out that the observed magnet1c fluctuatlons are un-

‘_doubtedly to be associated w1th golar plasma mechanlsms The ex1stence

oﬂ-fluctuating w1nds in the 1onospherlcrdynamo reglon and of associated
magnetlc varlatlons at ground level is equally beyond question. Thermain
question is: are these dynamo winds 1nfluenced by the lower atmosPhere

circulation? In other words, does the lower atmosphere c1rculat10n cause




changes in the ionospheric winds so that megnetic variations ensue or

vice versa?

The major stratospheric warmings from 1951 to 1966 all occurred
dﬁring yeers of strong solar and-geemagnetic disturbance, or following
active bursts of disturbance (Willett, 1968). The only six years lacking
stratospheric warmings were also the six georagnetically‘quiet years.

The definite correiation of the warming phenoihens with'magnetic‘activity,
especially the AE index indicates that‘the.auroral electrojets near 100 km
'may'belthe primary source of'the'auroral zone heating that influences the

circulation at 50 km and below.

The‘auroral electrojets.sre-intense eiectric cﬁrrents, associsted
with polar magnetlc dlsturbances, that flow in the auroral oval (Akasofu
et al., 1965) The westward auroral electroget grows to approximately
' -1Q6 ampereS‘durihg a MaghetiC'substorm due to an incresse in the cohdﬁef
tivity cf the E-layer'of the ioncsphere in the midnight to dawn sector of
the aurdrél-o?al The eastward flow1ng electrojet has a strength of about'

O5 amperes in the late evening sector. Cole'(1962) has estimated that
5.ergs cm,as -1 could be dep031ted in the auroral ZONEe by means of Joule
" heating associated with the electroaet at moderately disturbed times and
-'aﬁ order of magnltude more durlng large . geomagnetlc storms. Whether or
' ot the electrogets are the prlmary cause or trlgger the heatlng from
below (leota, 1967, Matsu.no, 1971 Trenberth 1972} cannot ‘be determlned

without a detalled energy transfer analy51s, whlch ‘cannot be performed at

present because of lack of data in the mesosphere.
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Conclusions

This‘detailed sfudy of five different stratospheric warmings
(1969~-1971) haé established that the magnetic indices AE, A, and Dst
‘diSPlay a marked increase 1 to 3 days before warming phenomena and a
marked decrease at O and -4 days. The definite correlétion of the warming
phenomens with the AE index indicatés that the auroral electrojet joule
heating near 100 km mﬁy be‘the original source‘of the heating that in-
fluencés_the atmosphere at 56 km and below. If this is true, then whether
_ﬁherg;écf:pjet heating is.thg primary_cagse 05 §#igge;s7the heating by
releésing energy ih the troposphere cannot be detérmined without.meso-

spheric data above 50 km.
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‘TABLE

: I-ndic.es_vs". Date (1 - 17 July 1969).

Date

Iﬁdex: “ -*'1 : L’:-: 3 L5 ‘ 6 T 8 9 10 1) 12 13 14 15 16 ST Units
Solar Flare 2 _ 7 2 2 Importance
SID o 2+‘ g Importance -
Solar X-Rays ' Max,Hr,Value
Oam e 2 s 11 o 1 31 ™ 3 - .3 3 2 1 Yax 3er%s
“He II Flux™ 77 82 8 83 88 o 8 87 89 8p 85 85. 85 8 10-8 photons
- “ \ o o o - em2e-
2800 MEZ .., e Ngn rgre ke <4 g8, -2
Solar Flax 1_44,:,. 157 161 : So_ ;61% 160" 163*, 159 1_535 147 150% ;39 122 1'22. }20 I:»Lﬁ(;z ;v
Solar e : : _ : ) S . : ; Max.Hr,Value
Protone 2778% - 1 1 L, L0 8 1 ) 12812*_ 1 1 1 43 1 1 protons en-?
‘ : T j \ A ‘ _ ; ‘ ' s=L(>10Mev)
- Magnetic S \ N 3 : '
Comdition  .° S S B |
a, @ 6 3 3 2 4 (& s T* T 6 . 12 wx 13 5 I0ox 4 Dally Avg.
D, 7w 1219 2 & 1w s % w7 2. ok 6 6 6 Max.Hr.Value
AE 169 97 90 QlO* 98 @ 139 299* 235 208" 291% 278 246 129  229% 120° DailyAva.
NS Ny S _ : | ) Cammas
" Max,Radiance . T, o ! . \ o : . ' -,
- SIRS-A, 57.7 ‘579} 57.0 57.0 56.5 58.3 60.5 60.5 60.5 61,0 60,7 61.4* 60.3 60,1 958.8 58.2 Ergs cm g
Channel 8 S N ' ‘ ' ' : ' ster-lem”

* Relative Maximum
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TABLE

2

'1-8A Solar X-Rays (Explorer 37)

Dey (July 1969) (107" cpenZh) (OB (m  (m) Gee)
1 | 96 112% 1128 1135 10
1 130 1627 1629 1636 9
2 89 - 0349 0352 Q400 11
s B 0408 onl2 0416 8
3 1900 1523 1524 1603 40
4 61.'- 0006 0014 0032 = 26
oy 38 1200 1206 1206 6
5 210 1229 1237 1241 15
7 53 1636 1648 1648 12
8 46 2218 2207 2231 16
10 3  oBug 0653 0658 9
12 86 1430 ; 1435 1517 ‘-.47
13 38. o1 | oMm8 o3 13
13 . 71. onoo . - 0410 ohle 16
13 | us_' 1513 1515 1517 b o
13 39 2229 e2M5 | 2ohs 16
13 58 2320 2325 . 2328 8
W 43 0Bk . o6 0249 5
wo 61 - 137 ;uéT 1438 1
14 1O 1730 1736 11 a1
15 57 177 .1720‘ 1728 1 -
16 ‘1910 10w 11

37

1903




Date

TABLE 3

Indices vs. Date (29 Juiy_ - 14 August 1969)

Channel 8

Index. 29 30 31 1 2 3w 5 6 7 8 9 1 1 12 13 M  Units
Soler Flare (3) - . 2 o @ 2 ' Importance-
§Ip 2 | ) N ¥ Tmportance
Solar X-rays - 2 .2 6 3 .2 3* 1 @ 11 2 2 2 2 Max,Hr. Value
. (1-8A) ' o @ : ) 7\\ ‘ K ‘ ) . 10£3ergs cm‘a,

- ! ] S \ 1 - 8™ .
He TEFlux 7L 7L 70 8 8 8 93 88 88 88 @ 90* GOk 87 85 82 10Cphotons
o _\\..' - I o : ' el : ' cem-@ g

gglo.grml[‘!’liux 133 ‘w3 162 171 187+ 183 .188% 182 167 159 186 142 136 132 125 121 114 10" 2m " mz "t
sola | Ve - L . ) L Mex. Hr. Valug
Ponto 1 183 L 1. 1 & 1 1 oBsw70* 20\ 1 34 1 1 2221% Protons cm S
. Qns | ) o : ! o . - . \ | : | ; 5= (>.10MEV)
Magnetic . -/ ' b o C ! | _ ’
Condition’ . : i - D _ 5 S \ o 8 .

A 2 43 .6 3 5 w13 75 8 9 @\' 6 fun 21x 7 6 Deily Ava.

P ) . r/:\ [P a2 on ‘ i . ~ ‘1 ._ . e ]

D, | 1 01 (I 6 a9 -3 -k L 16 & 1 ) 15 -3 4% 0 Max.Hr.Value
AR 67 }5{ 102 .93 294* 291 178 116 215% 210 203 @ '65  315% 174 192% Daily Av.

E - ~ 0 \\ o ' S v Gamna.s
Max,Radiance . S .. ‘ \\i | -2 l
‘BIRS-A, . 5T7.5% 574 57.0 56.9 58.0 59.3 60.5 6l.4 64.2% 63.h -63.6% 61.9 59.6 57.2 58.0 59.1 59.4 Ergs em i-
g oo | - 1 : . S ster~tem”

* Relative Maximum
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TARLE 4,

Indices vs. Date (11-27 December 1969)

Date | o
Index", 1 - 12 13 w15 16 18 19 =20 21 22 23 2% 25 26 27 Units
Solar Flare | @ .2 7‘ @ ' | importanc‘e
Dally Miare w70 ;u} 80 32 39 176¢ 114 @ 16 36 45 22  uy o4
SID | 37 2'_ o 2 . | : oy \\ - 2 | 2" Importance
- ‘ e ’ : . [
Solar X-rays , g« @ 3 2. @ 5 ¢+ 2 20\ 2. 6 1 3 7™ 3 Max.hrly.
(1-84) ‘ ‘ : Lo value 1073
- . _ 1\\. . | - - | ergs cm” s~1
2800 Mifz b . L . .. .22 -2
Solar Flux 118 122 130 133 .1‘36 13._7 Lk 144 14T 15u. 16:0 ‘163\.* 156 153 154* 151 147 I];;Z A
- : % . ot . I . \ .
' iﬁl‘“ 1 1 bo62% 1 S 1596% 1 2 1 1705% 1. 1 '2631% 1 1 2101* 1 Max.hrly.
otons - i , ‘ . . _ ST : ‘
. . \ . i . : value {rotons
' o i |- . em~2s™™ '
, . ; N (>10 Mev)
Magnetic | | 5 ‘ - |
Condition _ - . o . : .
A, a5 3 N 5 (11 4 3 % 3 3 7 9 9 10* 9  Dally Avg.
Dy - R | 8 13 10 {<6% o 10 w2 17 19 B . -1. -2 & -5 Mex.hrly.
® R :,,,‘\ l > ‘ B " , - . ‘ -value
AR mo* 88 - uLE 62 99 (190% 718 . a7 39 . 32 35 107 ' 155  189% 147 145  Daily Ava.,
B o ‘ ~ ? ' C b . Gammas
| égr:;b Max. 3, p38 ouox 238 236 236 938 ouBr 241 243 238 23 3 48 258 263 2% T K.

* Relative maximum.
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TABLE - 5

1-84 Solar X-Rays (Explorer 37)

Flux

Day{Dec. 1969) (10'4ergs'cm'es'1) ??3;3 'f§;§ : (5;? p?;?zion
IV 87  oesT . 70305 0321 24
14 : 260 o 0338 . 0351 et 6
'17 260 - 0038 0052 - b 0230 112
17 . 770 : ,' 0658 o700, ﬁp726 ‘ 28
17 B gk ow6 017 27
23 91 T ‘oéig' .4965u o0 61
23 62 S 0850-' - $goo 0922 32
| \ A 5

)

:
II:k7



Date

TABLE |
AE Tndex (Gammas) (11-27 December 1969)

¢

Maximum'Hourly Value

- 20

58

* Relative maximum .

II-48

—

Mean Value Percent Hours/7110

11 Dec. 1969 140% - 284 58
12 88 021 25
13 w6 109 0
1L 62 - 260 9
 15 99 278 L2
16 190% ! ks

‘17 78 176 25
18 w7 113 9
‘19' 39 86 0
32 55 0
21 35 83 0
22 107 364 42
23 _ 236% 527 75
2 155 372 up
25 189* 324 .57
26 BT 413 | 5k
27 5 29 |

e —



Table

7

LOCATION AND TEMPERATURE OF NORTHERN HEMISPHERE
COLD AND WARM CENTERS, 25-60 KM, JAN. 6, 1971

64-11

1 : Cold Center - ﬁarm Centers .
Altitude [T ¢ Long. | Temp. | Iat. | Iong. | Temp. | Lat. f Long. | Temp. | Lat. Long.’ Témi.
| O |ESLES | @ & &G & & & |G
25 ) 10 | 198 | 60 | 150 | 233 30 15 | 218
30 7o | 10 | 203 | 62 | 155 | =3 | 30 15 | 228
35 | 78 320 228 58 | 145 253 | 30 15 2l3’ 25 sbio {243
%0 " " 60 240 233 65 | 140 268 g5 | o2u0- i 273
bs | 5T 2h5 243 65 1ho 278 25 2hs 283
50 60 250 | 248 65 | 1bo 288 25 240 293
55. 70 | 220 -] 248 30 gsor 278
60 70 10 é38
65 | 200 | 233 55- | - 250 278




05~11

- LOCATION AND MAGNITUDE OF NORTHERN HEMISPHERE

Table 8

Altitude

'

TEMFERATURE, CHANGE CENTERS, 25-60 KM, JAN. 6, 1971

e )t | TR B | EOLOEE B | B e
, 25 TO 220 | +15 1T )
. 3;0 -'TO 230 +25 |
35 70 175 | +35 70 | 310 20
o 78 70 | o+
b5 78 70 | +bs )
' 50 8 125 | +hs . 50 230 -10
55 - 70 100 +26 60 320 420: 55 205 -15
60 60 +30 55 195 -20

280




TARLE - B
' Indices vs. Date (8 - 24 December 1970)

7 \JDate ’ _ | ‘
- Index \_ 8 0 nm 12 13 w15 © 19 =l Units
"Solar Flaz"e, : ‘ @ ‘ | o : _ ) ‘ .Ifnportance
. . L .
Daily Flare 34 - 250% 111 99 . 1LQ 16 52 2
 Index -@‘ _ . .
SID . T T o | Inportance
" Bolar X-rays 4O¥ 22 2 35 (684 5. 5 2 2 1 Max,Hr.Value
(1-84) S . ' ' : lﬂiéergs cm-2
: ! . g” :
; ) 1
2800 MHz 1 ' 3 - L : ' : 22 -2 -1
Sotor Foax 16T m 173 @ 164 155 154 152 156% 146 126 107%% n %my
‘ . : .
gglal.‘ 5573 1 10775¢ 2 W2 2502¢ L 113522 1 76" Max. Hr, Value
otons : : L . . R rr )
: | : oo g itons cm
- . : 87> 10 Mev)
Mogmetic | . o \® =
‘Condition BT ‘ o _ |
A, 32 b b 6w 10¢ 7 16 Deily ave.
'Dst- - -2 5 1 9 10 10 @ =56 W35 22 .9 3 -17* -14 -9 =2 +21% Max,Hr,Value
AE ‘329 96 - 90 35 9t 69 HIGX - 255 71 @ 7. 116 186% 104 130 98 1353 Daily Avg,
: - - A o ' s Gammag

S;E?,(ggﬁq?ﬁ 233 234 235 2% 2% 236 236 236 236 238, 240 w1 43 243 2w aus X

%2;;1: M8X. 233 238 238 238 238 238 238 238 243 243 203 243 au3 243 23 au3 an3 %

* Rélative Maximum

T6-1x



TABLE 10 |
Indices vs, Date (25 December 1970 - 10 January 1971)

. ‘Date _ . _ ‘ ‘ .
Index 25 .26 27 28 29 3 31 1 2z 3 -4 5 6 7 8 - % 10  Units

Solar Flare “ S _ ‘ . ‘ , : Tmportance
Datly Flare 85% 20+ 1 . 0 L .o12% 0 10 6 0 5. 18 10 10 ] 65% 12
Index _ ) ‘ ' o
SID 2 o | | | S ' © 2 Importance
Solar X-rays . ' . S P .
A 3* 1 o . 1 1 1 11 1 1 1 ox 1 1 4 5% Max, Hr.Value
(1-84) - - 10-3er -2
‘ : &8 cm
g1
2800 Miz a1z 120 117 123 129 133 130 135 135 140 146 147  150% 149 53¢ 152 1072y m omz L
Bolar Flux , _ ‘ _ 3 , ‘ , :
gola,r  8o6* 3 2 hakex 1 1 Buog* 1 1 19595+ 1 . 1 13009% 1. 1 15600% Mex,Hr.Velue
rotons : : : . P -2
_ ‘ - . . rotons cm
; s"1(>10 Mev)
Magnetic _
Condition s 8 8 s & D
A, oL s 8 18+, 12 13 2 6 19 33% 16 9 " 1 0 'L 6 Daily ava.
DS£ -8 -5 -2 -20% -17 - -16 -1 5 T -8k Bx .3 -2 3 9 17 19 = Max,Hr.Value
AE L % 179 324% 159 143 25 | - j Deily Avg.,
. ‘ ‘ ‘ . : . - Gammas
N-S Wind, : o : : ' - Avg. Daily °
College 8 48 48 +5  +5 20 -25 40 40 38 380 -35 35 235 +20  -20 +10 Com onent,
(75-105 km) R ‘ o ~ . : ms"

2-ub Zonal . - 2hg - 50‘2 2 260 253 266 268% g

%O'mb MeX.  ou3 o3 puBx ouB% ou3 283 243 238 238 263 . 253 243 243 253 osx  au8 au8 %k

E-W Wind, o | ‘ | 5 Avg. Datly
College +15 +10 0 -+25 435 .45 -15 =35 . .35 =35 35 -35 35 =38 40 +2 +15 Gomfonent,
' ‘ S . . ‘ ms” -

(75-105 km)

3% Relstive maximum

n



TABLE

11

' 'AE INDEX VS. ELAPSED DAYS FROM START OF WARMING

Average

Elapsed
\ Days | . |

Start Date 0 -1 -2 -3 -4 Aversge
3 Jul 1969 97 169 204 125 126. ‘162
1 Aug 1969 102 131 191% 67 108 120
11 Aug 1969 65 219% 203 210 215 182
17 Dec 1969 78 190* 99 62 46 95
- Dec 1970 - -5 2 255 B16E. 69 . . 14T
83 156 - 208% 176 113 M1

- % Relative maximum

Ir-33



TABLE 12

RFLATIVE VARTATTION OF AE FROM AVERAGE VALUE OF BACH 5-DAY.

PERIOD VS. ELAPSED DAYS FROM START OF WARMING

Elapsed
Days .

Start Date 0 -1 2 3

3 Jul 1969 6 Lov 181 T .8
1 Avug 1969 .85 1.09 - 1.59% .56 .90

1 Aug 1969 .36 1.20¢  1.12 1.15  1.18
17 bec 1969 .82 2.00% 1.0w .65 48

17 Dec 1970 | 51 48 173 2.83% 47

Aversge 63 116 146+ 119 .76

* Relative maximum

iiaSR



7 AV, V5. ELAPSED DAYS FROM DATE OF MAJOR WARMING FRAKS

TABLE

1>

207

191

" Elapsed

Peak Date L S 0 -1 -2 -3 - Aversge
- 30 Apr 1969 holx 207 333% 216 158° 267

5 May 1969 235¢ 191 38ox  3u2 202 274
-8 Jul 1969 | i39 6% 98 110 90 116

11 Jul 1969 208 235 299% 139 146 103
- 13.5ul 1969 278 201% 208 235  299% 262

6 Aug 1969 116 178 291 | 294* 93 194
-8 Aug 1969 210 215% | 116 178 291 202
._16_Aug 1969 121 50 192% 174 315% 170
. 26 Aug i969 7 189% 155  236% 107 167

29 Aug 1969 | 65 66 45 7 189¥ 122

Avefage“‘ 194 177 2p2% | 198

. % Relative maximum

11-55



AJ, V5. ELAPSED DAYS FROM DATE OF MINOR WARMING PEAKS

TARLE

1

Elapsed
Peak Date D2V 0 L -2 -3 -4 Average
19 Apr 1969 124 271 LBl 363 319 308
23 Apr 1969 100 118 88 1% 124 120

12 May 1969 157 157 211 218 134 175

3 Jul 1969 97 169 294 '-125 126 162
18 Jul 1969 132 7 1200 2297 1297 puex 171
22 Jul 1969 o* 138 121 7% 132 124

20 Aug 1969 205  3u6¥ ‘115 230 121 203
13 Dec 1969 46 8 140*._ 114 99 97

18 Dec 1969 k778 190% 99 62 95
20 Dec 1969 32 39 47 78 190% T7

2 Jan 1970 503* 120 65 44 65 139
27 Dec 1970 179 T 71 156% 98 1i6
Average 139 0 3 . 170% 151 143 149

* Relative maximum

I11-56



Solar X-Rays (1-84) (Max.Hr.Value, 10"3
Vs. Elapsed Days From Start of Warming

TABLE 15

-2
ergs cm

sﬁl).

- Aversge

JTlapsed
. Days : '
Start Date 0 -1 -2 -3 -4 Aversge
3 Jul 1969 3 3 2 iy 1 2.6
1 Aug 1969 | T* 2 2 L* 2 3.4
11 Aug. 1969 o 2 1 1 6% 4.0
' 17 Dec 1969 26% 2. 3. og¢ 2 - B.4%
17 Dec 1970 1 2 2 5 5 3.0
9. 2.2 2.0 k6 3.2 4.3

* Relative maximum

1157



TABLE 16

-Solar X-Rays (1-8A) (Max. Hr. Value, 10'-3ei‘gs om™2
Vs. Elapsed Days From Date of Major Warming Peaks

B

..l)

i

2.7

" Elapsed
Days
Peak Date . 8] | .-l y -2 =3 -4 Average
30 Apr 1969 : 2 1 1 Y 2 2,0
5 May 1969 ™2 2 w3 4.2,
8 Jul 1969 - 1 1 6 oy 2.8
1 Jul 1969 1 3¢ 1 o 1 1.6
13Jul 1969 00 3 13 1 3.0
6 Aug 1969 o :1 ‘ 3 -2 3% 6 3.0
8 Aug 1969 S '1 ‘ f* 1 3 2 2.6
16-Aug 1969 o 1 o o 2 1.4
26 Aug 1969 | 7 5 5 g 6 6.0%
29 Aug 1969-_ _ 2 '3 2 T* 5 3.8
4 Jan 1971 1 1 1 1 1 1.0
8'Jan11971 | 1 1 2% 1 1 1.2
11 Jan 1971 o | 5% 4 I & | 2.4
average . 22 2.9 19 3%

2.7

* Relative maaci ,

I8



TAELE

17

' Bolar X-Rays (1-84) (Max. Hr. Value, 1075 ergs em™2 s~%)
: Vs. Elapsed Days From Date of Minor Warming Peaks

: .Ela.p_sed
Days & : ‘ ,
Peak Date - 0 -l | -2 -3 | l-'-i- Average
19 Apr 1969 5 4 1 9 10% 5.8
23 ‘Apr 1969 9 4 20% 5 5 8.8
.12 May 1969 8% 1. i 1 1 2.4
_30ul 1969 3 3 2 u* 1 o 2.6
18 Ja 1969 . 0 1 2 | 3 3. 1.8
22 Jl 1969 T 1 1 1 o o8
20 Aug 1969 6 o 2. 0 .o - 1.6
13 Dec.’ 1969 2 »* A 1 34
18 Dec 1969 g s6x 2 3 9 8.4
20 Dec 1969 2 0 2 26w 2 8
2 Jan 1970 1 .‘ ¥ 2 ‘1' 2 6.6
27 Dec 1970 1 ¥ 1 1 2 1.6
" 18 Jan 19'71 - ] 3 2 68% 6 19 | 1936* ,
. A\éer;.g_é - o 3_.'5. '5;'0 8% 6.2 4.2 5.5

" * Relative maximum :

1I-59



TABLE 18
Solar Flare Importance (= 2) Vs, Elapsed Da.ys
From Start of Waming

Elapsed

| Peys .
Btart Date 0 -] L -2 -3 -4 -5
3 Jui.1969 2 | 2 |

1 Aug'1969 o | h 3

il Aug 1969 2 | - 2
YfDecl969. 2 . 3

17 Dec 1970 | |

I1-60



TAELE = 19

Solar Flare Importance (= 2) Vs. Elapsed Days
- From Date of Major Warming Peake

" Flapsed

Days , |
Peak Date o -1 -2 -3 425

30 Apr 1969 2 | °

5 May 1969 2 2 2 2 2 2
8 Jul 1969 2 2 3 2 2
2 oga 2969 - e
13 Jul 1969

6 Aué 1969 - 2 |

8 Aug 1969 - 2 2

16 Aug 1969 | 2
26:De011969 S _ ' E P
29 Dec 1969 | |

4 Jan 1961 : ' : 2

8 Jan 1971 |

11 Jan“1971

11-6;



Elapsed

s Days
Peak Date

TABLE 20

' Solar Flare Importance (2 2) Vs, Ela.pséd Days
From Date of Minor Warming Peaks

-1 -2 -3 -4

19 Apr 1969
23 Apr 1969

12 May .1969

3 Jul 1969

18 Jul 1969

22 Jul 1969

20 Aug 1969
13 Deec 1969
18 Dec 1969
20 Dec 1969
2 Jan 1970

27 Dec 1970

18 Jan 1971 -

II-62



TAELE 21

Ap Index Vs. Elapsed Days From Start of Warmings

Eiapséd

Days
-S‘tar‘t‘ Date 0 -1 -2 -3 =k Average
3 Jul 1969 ' 3 6 17* 5 4 7.0
1 Aug 1969 | 3 6 13% 2 b 5.6
11 Aug 1969 4 6 11 9 8 7.6
17 Dec 1969 b 11 5 4 3. 5.t
17 Dec 1970 3 L 14 65% 4 18.0%
Average | 3.4 66 | 12.0 17.0% 4.6 8.7

# Relative maximum

IX-63



TABLE =~ 22

VAP Vé.-Elabsed Da&s FrdmrDate of Mﬁjor ﬁarming Péaké

- Average 9.5 8.8 12,.8%

Elapsed
. Days
Peak Date 0 Coel . 2 S oS3 4 Average
30 Apr 1969 27 12 60* 11 6 4"_23.2*
5 May 1969 10 8 15 28% 8 13.8
8 Jul 1969 5 &% b 2 3 u.d
11 Jul 1969 6 7* T* 5° 6 6.2
13 gulC1969 0 MxT 0 120 - 6 T 7 9.2 o
6 Aug. 1969 5 7 13 1h* 5 8.8
8 Aug 1969 .] 9 8 5 7 13% 8.4
16 Aug 1969 . M 6 T 21% 8.4
26-Aug 1969 15 4 6 11% 5 8.2
29 Aug 1969 i 6 21% 15 y 9.8
| ”u.Jan.1971 | 16 33 19 6 2 9.2
- 8'Ja; 1971 -0 1 ¥ 9 16% 6.0
.1i Jan 1971 8x 6 1 0 1 3.2
| 9.4 7.3 9.1

* Relative maximum-

© IT-6h



TABLE

23

Ap Vs. Elapsed Days From Date of Minor Warming Peaks

2.9

Elapsed
Days .
'PFak Date 0 =1 -2 -3 -4 - Aversge
19 Apr 1969' 5 15 21% 17 1 iu,u*
23 Apr 1969 5 10% 6 8 5 6.8
12 May 1969 8 5 10 11% 5 7.8
3 Jul 1969 3 6 17 5 4 7.0
waawe 3« 1 5 s g0
22 Jul 1969- * h 3 2 3 3.8
20 aug 1969 7 13% 7 6 4- 7.4
13 Dec 196§ 3 5 11 8 12% 7.8
18 Dec 1969 -3 T 11i% 5 i3 5.4
20 Deq'1969 3 4 3 S 1% 5.0
2 Jan 1970 30% 8 3 2 I 9.4
27 Dec 1970 8 L 3 hx 7 7m4
18 Jan 1971 15% 6 7 8 9 9:0
Average 1.7 6.8 8;7* 7.3

7.3

11’65\



TABLE 24

. & .
Ds t Index Vs. Elspsed Days From Start of Warming

Elapsed

Days | |
Start Date : 0 =L 2 -3 . -l Aversge
3 Ju 1969 12 L% 7 18 18 11.¢
1 Aug 1969 6 -1 12 -1 ~183% o4
11 Aug 1969 15 -o% -1 b | 16 5.6
17 Dec 1969 o 6% 10 13 8 5.0
17 Dec 1970 22 235 .56 esx 107 Cw34.2%
Average +2.2 —88* -57.6 -6,8 6.8 =24

¥ Relative maximum

II-66



TABLE 25

DSt Vs. Elapsed Days From Date of Major Warﬁing Peaks *

Elapsed
Days _
Peak Date o -1 -2 -3 o Average
30 Apr 1969 -39 -31 -38 5 b ~19.8%
5 May 1969 -4 -9. -17 12 -21* -12.6
8 Jul 1969 10% 24 29 24 19% 23.0
11 Jul 1969 14 s 8 19 ot 14.0
13 Jul 1969 o 7 1 5 8 7.2
6 Aug 1969 4 i -13% 9 21 3.4
8 Aué 1969 4 16 L -4 ~13% 1.4
16 Avg 1969 g - 9 o} ~l% -3 2.2
26 Aug 1969 18 - 9 11 5% 12 10.0
29 Aug 1969 . 6 ‘-12 -t 18 9 0.0
4 Jan 1972 ~8% -8% T 5 -1 -0.8
8 Jan 1971 9 30 -2 -3 _g+ 0.2
11 Jan 1971 8 19 17 9 3% 9.6
" Average 3.2 2.2 -0.2% 5.8 4,2 3.0

* Relative maximum

I1.67



TABIE 26

Dé£ Vs. Elapsed Days From Date of Minor Warming Pesks
Elapszed
Date
Peak Date 0 ~1 -2 -3 Average
19 Apr 1969 =10 =27 ~33% -18 ~22 -22,0%
23 Apr 1969 i 15 =1 . -6 l-lO* -0.4
12 May 1969 14 3% 3% 3x 10 | 6.6
3 Jul 1969 12 | L T 18 18 11.8
18 Jul 1969 w0 .. &6 . 6... 6. . ox l5,6.
22 Jul 1969 6% 25 25 12 ° 10 15.6
20 Aug i969 / -5* 2 11 -3 9 B 2.8
13 Dec 1969 8 -1 sk 9 2.6
18 Dec 1969 10 0 6% 0 13 5.4
20 Dec 1969 20 1 10 0 -6* 7.6
2 Jan 1970 -16* 9 13 8 6 k.0
27 Dec 1970 -2 -5 -8 e -2 ~7.6
18 Jan 1971 1 2 s 5% 1 4.6'.
Average 4.8 T 2.0 0. 5% 2.7 2.9

* Relative maximuam



TARLE 27

‘He II Index Vs. Elapsed Days From Start of Warming

Elapsed

Days
Start Date 0 -1 -2 -3 bt Average
3 Jul 1969 8ax 77 7 7 T7 78
1 Aug 1969 80 70 71 T1 5 3
11 Aug 1969 90 90 90 90 90 90*

Average Buyx 79 79 79 81 80

. * Relative maximum

II.69



TAELE

28

He IT Index Vs. Elapsed Days From Date of Major Warmlng Peaks

Elapsed
Days
Pegk Date 0 -1 -2 30 Average

30 Apr 1969 83 86 88* 87 86 86
5 May 1969 85 g 84 85 86* 85
8 Jul 1969 88 83 86 9O* QO* 87
ll‘Jul 1969 87 89 Q1% 88 83 88
13 Jul.1969- 89 . 89 87 8§ 91 8g*
6 Aug 1969 88 88 93* 86 83 88
8 m 1969 90 88 88 88 93% 8o
16 Aug 1969 5 T7 82 85 7% 8
26 Aug 1969 85 3g% 83 70 70 79
29 Aug 1969 95% 86 86 86 85 88
Average 86 86 87 85 84 86

. * Relative maximam

II-T70



TABLE 29

He TT Index Vs. Elapsed Days From Date of Minor Warming Peaks

Elapsed
Days

Peak Date .. 0 -1 -2 -3 -4 Average

19 Apr 1969 90 90 1 91 92% 91%

23 Apr 1969 85 89 92 90 90 89

12 May 1969 g3* 90 88 88 85 8o

3 .iul 1969 Q0% 86 82 7 77 82
T 18 Jul 1969 ¢ 84 84 85% 85 T gow 85

22 Jul 1969 77 81 82 82 Bu* 81
| 20 Aug 1969 69 7 72 73 To* 72
. Average - 84 8u 84 84 84 84

# Relative maximum

II-71



TAEBLE 30

SID Index Vg. Elapsed Days from Start of Warming

Elapsed
Days .
Start Date - 0 -1 e -3 "
3Ju1 1969 . 3 2F
1 Aug 1969 2 3 =
11. Aug 1969 3"
17 Dec 1969 2 2

17 Dec 1970

II-72



SID Index Vs, Elapsed Days From Date of Major Warming Pesaks

Flapsed

Days
Peak Date

TABLE 31

-l

30 Apr 1969 -

5 May 1969
8 Jul 1969
11 Jul 1969
13 Jui 1969
6 Aﬁé i969
8 Aug 1969
16 Aug 1969
26 Aug 1969
29 Aug 1969
4 Jan 1971
8 Jan 1971

"11 Jan 1971

II-T3



TABLE

32

SID Index Vs. Elapsed Days From Date of Minor Warming Pesks

Elapsed
Days

Peak Date

-l

...2‘“.

19 Apr 1969
23 Apf 1969
12 May 1969
3 Jﬁl'1969
18-Jul 1969

22 Jul 1969

20 Aug 1969
13 Dec 1969
18 Dec 1969
20 Dec 1969
2 qan‘197o-
27 Dec 1970

18 Jan 1971

II-Th



- Magnetic Condition Index Vs. Elapsed Days From Start

Elapsed

Days
Start Date

TAELE

33

of Warmings

3 Jul 1969
1 Aug 1969
11 Aug 1969
17 Dec 1969

17 Dec 1970

N




Elapsed
: Days
Peak Date |

TARLE 34

-1 -2

Megnetic Condition Index Vs, Elapsed Days from Date of Major Warming Peaks

| 30 rApr 1969

5 May 1969
8 Jul 1969
11 July 1969

: l3‘July 1969

-767Aug-l969 '

=

8 Aug 1969

16 Aug 1969

26 Aug 1969
29 Aug 1969
4 Jan 1971
8-J§n 1971

11 Jan 1971

D = Disturbed Day
S = Principal Magnetic

II-76

Storm



TABLE 35

Magnetic Condition Vs. Elapsed Dayé'Ffominafe of Minor Warming Pesks

Elapsed
Date ,
Peak.Date , o Q - -1 "-2‘ o -3 o -l

‘19 Apr 1969 | D
23.Apr 1969 - 8 g
12 May 1969 .8 |

3 Jul 1969 8
L 1969 L
20 Jul 1969 ‘
20 Aug 1969 . | D

13 Dec 1969

18 Dec 1969

éD Dec 1969 |

2 Jan 1970 B .8

27 Dec 1970 B o o

18 Jan 1971 . 8




TABLE 36

. Average Value. of Indices Vs, Warming Days, Nohwarming Days, Total Days , and
- For O«~4 Days Preceding Start of Warming, Major Warming Pegks, and Minor
' Warming Pesks ‘ _ '

Non- | Méjor ' Minor
- Werming Warming Total Start of Warming - Warming
Index ~ Days ' ' 'Days. ' Days _ Warming Peaks Peaks
AE 170(N*  178(X) 175 141(E) 198(4)  149(B)
A, 9;9(3) 10.8(A)  10.0  8.7(B)  9.1B) C1.3(B)
Dy +0.7(B) -2,2(A) -0.6 ' -2.1(a) 3.0(B) - 2.9(B)
* N= Norﬁél v_a.lue
B = Below-normsl vzlue
A = Above-normal value

II-78
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I ' a

Fig. 19+ a, Temperatures at 30 mb(solid lines) and radiances of SIRS channel 8{dashed
lines) for 7 Jan. 1971, b, Temparatures at 45 km(heavy lines) and radiances(thin
1ines)of channel 4 of SCR for 6 Jan. 1971, btased on all rocket observations available
within 3 days before and after map date. c, temperatures at 60 im for & Jan. 1971
(with the notation of Fig. b). (Labitzke, 1972) =~ , o
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Fig. 24 - Temperature Change from Unwarmed Condition
. - at 25 km on January 6, 1971

Temperature change is in °k.

II-105



g

&
- O-—-O

o=+

oF

50

270¢

'Fig.'25 Locations of Températufe Change Centers from 25 to 60 km
i o January_G, 1971.

- Temperature increase centers indicated by crosses. .
- Temperature decrease centers indicated by circles.
Altitude in kilometers shown below circle or cross.

II-106



65

ALT
TG

MAXIMUM TEMPERATURE CHANGE (°K)

Fig. 26 Maximum Temperature Increage at Altitudes Between
25 and 60 Kilometers at T8"N, 70°E During 1970~71
Warming .

II-107



. 50

- 8 3
~T T

MAXIMUM WARMING (°K)
N
o.
!

‘ : L 1 L [
0 10 20 30 40 50
DEG LAT FROM CENTER ALONG 70°E LONG

Fig. 27 Dedrease in Warming Magnitude with Distance from Warming Center

1I-108



PART III

AHALYSIS OF DATA FROM SPACECRAFT - STRATOSPHERIC WARMINGS

AN HYPOTHESIS FOR THE RELATTON BETWEEN

AURORAL ELECTROJETS AND STRATOSPHERIC WARMINGS

Albert D. Anderson



TABLE OF CONTENTS
PART III
~ THE AURORAL ELECTROJETS
WINTER CIRCUMPOLAR VORTEX
. PLANETARY WAVES AND THE CRITICAL LEVEL

AN HYPOTHESIS FOR THERMOSPHERIC-STRATOSPHERTC
' INTERACTION (WARMINGS)

'IMPLICATIONS FOR OTHER ATMOSPHERIC PHENOMENA
REFERENCES TO PART ITI

FIGURES

III-1
I11-2

III-2

IIT-3
ITI-7

IIT-8

ITI-11



b AN HYPOTHESIS FOR THE RELATION BETWEEN
AURORAL ELECTROJETS AND STRATOSPHERIC WARMINGS

Albert D. Anderson
i . The following explanation is presented to show how warming events
at'10 mb may be related to magnetic activity, especially AE, with a time
delay of sbout two days. First, the properties of auroral electrojets,

_the winter circumpolar vortex and planetary waves will be discussed.

The Aurcral Electrojets (ARJ)

Thermospheric hesting is definitely correlated with magnetic .
actlvity as indicated by A  and Dst (Anderson, 1973). Cole (1971) indicates
that the heating mechanism is Joule dissipation mssociated with auroral
.electrojets (AEJ) that results in a global input of heamt into the lower
thermosphere during strong geomagnetic disturbances that is larger than that
due to solar extreme ultraviclet radiatlon The marked correlation
exhlblted between the magnetic indices, especially the AE index, ‘and strato-
spheric warmings suggeste thgt AEJ heatlng strongly influences the lower

" atmosphere also, with a time delay of about 2 days. o .

ARJ are Intense electric currents, associsted with polar megnetic
disturbances, that flow in the auroral oval in the lower thermosphere
.(Akasbfu et al., 1965) ‘The westward AEJ grows to apprdximately 106 amperes

durlng 8 magnetlc substorm due to an 1ncrease in the conductivity of the

E- layer of the 1onosphere in the mldnlght to. dawn sector of the auroral oval.
"The eastWard flowing AEJ has a- strength of about 103 amperes in the late
evening sector. Cole (1962) has estimated that 5 ergs cm 2s-l could be
deposited in.the aurcral zone by means of Joule heating associated with the

AEJ at‘moderatelyrdisturbed‘times_ﬁnd an order of magnitude more during -
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large geomagnetic storms. The height of'maximuﬁ Joule heating lies between
100-150 km (Blumen end Hendl, 1969). Cole (197la) indicates that major

AEJ heating of the thermosphere during strong geomagnetic disturbances could
perturb the atmosphere down to 100 km.

Winter Circﬁmpolar Vortex

It is well known that the winter clrculation in the troposphere ig
dominated by a cold ‘low centered near the pole that becomes more pronounced
at higher altitudes and is surrounded by a band of strong westerly winds
(Labitzke, 1972)."Evidently, this vortex extends up through the stratosphere
Iand mesosphere to the base of the thermosphere near 100 km. . The normal wes- -
terly zonal flow in the meteor region (75-105 km) is consistent with s
large-scale cyclonic system centered near the pole (Hook, 1972). However,
during warmings there is evidence Indicating substantial circulatlon and
temperature changes in the mesosphere (Qulroz, 1969; Hook, 1970). During
. the midwinter stratospheric warmings for l967~68 and 1970-71, both‘the
meridional and zonal winds at College, Alaska at 75-100 km reversed (Hook,
1972). The reversal of the zonal flow durlng the warmings is consistent
ﬁith an anticyclonic sy stem. During the warming of 1970-71, the . prevalllng
'flow reversed from about 31 December 1970 to. T January 1971. Hook (1972)

: concludes-thet the werming in the upper meeosphere started approximately 10

days before the warming at the 10 mb level. From this, he states_that the

circulation breakdown during this warming affected the upper mesosphere
before it affected the mid-stratospheric level,

Planetary'waves and the-Critical Level (CL) .

Planetary-scale disturbances can propagate upWard from the tropo—'
sphere into the higher atmosphere if the prevailing winds are moderate
' westerlies {Charney and Drazin, 1961). Planetary waves occur in the strato-
gphere (Finger‘gz;gi., 1966), reaching as high as the thermoephere (Newell.
- and. Dickinson, 1967). The waves cannot propagate upward in easterly winds

so that when the waves reach a critical level (CL), the level at which the
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zongl velocity is zero, the wave amplitude decreases rapidly and the wave
energy £low vanishcs (Dickinson, 1968), If the level is horizontal,
meridional heat transfer by the waves 1s constant in the westerly layer

and Jjumps to zero at the CL. Hence, the temperature disturbance amplitude
is very ldrge.near the CL.. The easterly winds near the CL are accelerated
by the waves, thereby lowering the level (Matsuno, 1971). Thus, the warm=
ing and wind reversal shift downward. The easterly layer spreads downward
first very rapidly, then slowly, because the air density increases as the
layer lowers. The warmest layer moves down with the descentlof the CL.
Since the wavés transport heat from lower to higher latitudes, the tempera-
tures at the high latitudes is always higher than at the lower latitudes,
éxcept,initially. Intense warming of the polar region is expected to occur
Just below fhe-CL, while the temperature may fall in the low-latitude region.

‘An ijothesis for Thermosﬁheric-Stratospheric Interaction (Warmings)

Tgking 'into account the information concerning the EEJ, Cold Low,
Planetary Waves and CL, an attempt will now be made to outline the dynamics
of a stratospheric warmlng

Strong AEJ heatlng oeceurring -in the auroral zone hear 100 km is
conducted down into the mesosphere, destroying the cold low from above and
"replacing it with a warm anticyclone. Thig results in the formation of the

CL:in'the upper mesosphere. Johnson and Gottlieb (1970) have shown the
. important rcle played by the eddy transfer of heat in the 60-120 km region;
at higher'altitudes heat transfer between levels is.doﬁinated by molecular
‘ conduction, and at lower levels‘by radigtion exchange. Downward motion in
 the upper mesosphere will be accompanied by compressional heating, thus
-enhanc1ng the ARJ heating. Normally, a strong planetsry wave propagated
upward from the troposphere would be dissipated in the thermogphere, However,
once_the:CL is‘formed, the wave interacts with the easterly winds at the CL
in the uppér‘meSOSPhere, heats the alr there, enhances the CL and lowers it.
Once this process is started, the lowering of the CL will‘continue, as long

as the strong wave exists. If the wave is strcng enough and persists long
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enough, the CL will lower down into the stratosphere, even though the AEJ

igs no longer heating the upper mescsphere and coollng is taking place there
(Labitzke, 1972). When the critical level descends to near 45 km, exp1031ve"
- warming starts, probably because the wave energy density attains a maximum

in the middle and low stratosphere (Matsqno, 1970). The length of time it
'takes for a strong CL to descend from the upper atmosphere into the strato-

gphere is unknown. It could take anywhere from a day to a week or more.

Apparently, AEJ heating is not continuous during warmings. Evidently,
there - is no significant difference between'the éverage AR index for wafm-.
ing days and nonwarming days. The AR ihdex va'i;s greatiy from hour to

hour. Therefore, in order for the CL to form, the strongly fluctuatlng AFRJ
heatlng must proceed in such a fashion as to progre331vely destroy from
above the cold low in the upper mésosphere. Once the CL is eatabllshed “the’
interplay among the amount and duration of AEJ hegting and amplitude of waves
from the troposphere determines itg initial strength and altitude, and this
in turn debtermines the starting altitude and initisl extent of the warming.

Although the existence of a strong CL descendiﬁg in the mesosphere
'tcanfexplain some features of the warmings occurring there, a strong CL
cannot explain most of the characteristics of the warmings in the stratosphere.
© For example, the warming in 1969-1970 started sbout December 17, 1969 and
.'ended about January 5, 1970. Hence, it affected the 10 mb altitude for
. seversl weeks, a time interval typical of major warmings. Yet the start of
_wermings < and many of the major and minor pesks appear at 10 mb many days
- befdfe thé "expldsive" warming in the stratosphere. Apparéntly, pulsations
- of warming'in the stratosphere precede a ma jor wa&ﬁing event (Hook, 1972).
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During the December 1969 - January 1970 and December 1970 - January 1971

' §0rthern—Hemisphere warmings many small eastward-moving warm (closed isotherm)

centers appeared before the major warmings st midlatitudes (30°N to 50°W)

ohlihe periphery of the low circulation. Evidently, the warming builds up
in the stratosphere, at least in part, by successive heat pulses. Although
heaﬁ pulses are usually observed before a major warming, they do not. appear

“to constitute a necessary condition for the development of a major warming

- (Quiroz, 1973). The geéneration of these pulses appear to start st high

mesospheric levels in early winter (Theon and Smith, 1970). It has slready
been noted that the major fluctuations in the AE index indicates that the
AEJ heating is not a continous process. Also, the fact that there is roughly

- the same time delay (about two days) between the maximum AE index and start

of'warmings, and major and minor peaks at 10 mb indicates that the

.AEJ heatlng near lOO ¥m could be responsible for the warmlng phenomena at

10 mb

The following tentative explanation s offered for the pulsstions of
warming at 10 mb: It is assumed that (a) a weak CL exists in the upper
mesosphere only when AEJ heating is ghgxg a ceftain intensity, and (b)'waﬁes
are reflected (Hines, 1972) by the weak CL down into the stratosphefe where
they interact with upwerd propagating waves to release heatjin the region
where the wave energy density attains g maximum. A weak CL implies the
absence of very strong waves, alfhough weak waves may be present. Since the
AEJ heating is fluctuating, the weak CL probably would have a sporadic exis-

-'tence in the upper mesosphere., Thus, even though the waves are persistént,

the réflecﬁioﬁ of waves frqm‘the uppér mesosphere fluctuates directly wlth

(AEJ heating. - The reflected waves take roughly two days to descend to 10 mb.

@ |

Some of the heating characteristics that appear at 10 mb may depend :
also on the horizontal shape of the CL. Initially, the CL should form in
the aurpral zone. However, the shape of the CL probably is not symmetric
with the aurqrgl zone., The initial CL shape will depend on the interactionm
between‘thé newly-developing anticyélonic cireulation resulting from CL
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heating with the strong westerly winds eround the cold polar low., Some .
- of the heat created at the CL probably will not remain there; a portion’
may be transported vertically and some may be ducted horizontally
(Friedman, 1966; Cowling et al., 1971).

The horizontal extent of the CL in the upper mesosphere cannot be
determined at present because of lack of dsta. Perhaps, some idea of
its distribution in the stratqsphere can be obtalned by examining available
Northern Hemisphere qtratospherif 1sotherm patterns on a date when a major
warming appesred there. Figure 1 displays a disturbed temperature map
for the Northern Hemisphere at 50 km, January 6, 1971, a major warming
date. - The level of maximum warming was between’ 40 and
L50 km on this date. Coollng took place above the warmlng area (Labitzke,
1972).‘ Hence, Figure l.may represent heating near the altitude of the CL.
The heating pattern in Flgure 1 appears quite similar to the theoretical
disturbed geopotential height distribution at 45 ¥km computed by Matsuno
(1970) for{the'January 1967 warming. Yet there is one marked difference.
In Figure 1 the zone of maximum warming closely parallels the auroral
§dne for over half of its perimeter on the east. This is not true for
-%ﬁé disturbed geopotential heighf distribution. Durlng a geomagnetic
storm, the auroral zone would expand to approach even more closely to

the zone of maximum heating in Figure l

The close assoc1at10n of the zone of max1mum hegting with the .
‘aurcral zone in Figure l indicates that at least part of the original
heating pattern established at the CL in the upper mesosphere hag per-
sisted down to 50 km. Willett {1968) has pointed out the existence of a
c1rcumpolar zone of maximum warmth in the arctic winter stratosphere,
centered on the geomagnetlc pole. All of the observed stratospheric
. warmings. from 1951 to 1966 developed in the equatorward dip of the
auroral zone. In Figure l the heating extends to midlatitudes at longi-
tudes near the equatorward dip of the auroral zone; at 45N the zone

of' maximam heating is at the same longitude (290 E) as the dip. It was
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pointed cut that many small warming centers appear initially at 10 mb at
midlatitudes (30°N to jOON) and move east on the periphery of the low

- éirtulation. Also, if 1s observed that many of the centers initielly
appear at longitudes east of the auroral trough (29OOE) in the 300°E to
360°E sector. Although the zone of maximum werming in Figure 1 extends
from high to mid-latitudes, the heat at midlatitude mgy be noficeahle
because 1t appears as local temperature maxima at 10 mb. No small,
closed warm isotherm patterns develop at higher latitudes because the
héat 1s mixed with the cold ascending currents of the low. This explana-
tion is based on the assumption that the hesat pattern in Figure 1 1s
repregentative of a Weék CL pattern in the upper mesosphere. Consequently,
the heat at mid-latitudes results from the interaction of the reflected

wave wlth the upward wave in the mid-stratosphere.

Implications for Other Atmospheric Phenomens,

The magnetic indices are correlated somewhat with each other. Ap
containg contributions from at least two major sources; the auroral electro-
jet (AF) and the ring current (Dst). Therefore, ARJ heating may be the
key to eXplaining other-puZzling éorrelations between magnetic activity
and lower gtmosphere behavior. Studies (Levine et al., 1974) heve indi-

* cated that meteorological responses in the lower atmosphere occur within

2 or 3 days after geomagnetic activity and that these responses are most
pronounced in winter. If AEJ heating affectslthe circulgtion in the mego-
sphere-and stratosphere, undoubtedly it will influence conditions in the
troposphere too. In other words, during a major warming, the whole -
circulation in the winter atmosphere, extending from the tropogphere to
the thermosphere, probably is affected. If AEJ activity affects the lower
atmosphere, then,inasmuch as AEJ heating is controlled by solar {plasma)
acfivity, it follows that variations in solar activity affect the

weather. Consequently, a new link between solar activity and the lower

atmosphere may have been uncovered,
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Disturbed temperature map, 50 km,
January 6, 1971, Dashed oval curve
i1s auroral zone. Large cross is at
North Pole(NP). Black dot is geo-
magnetic pole{MP).
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